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EVALUATION 


The  reliability  of  some  microelectronics  technology  families  is  dominated  or  strongly 
influenced  by  insulator  breakdown  failure  mechanisms.  In  past  years,  various  aging  and 
non-aging  screen  tests,  and  redundancy  schemes  have  evolved  to  control  oxide  failures  in 
product  sold  to  customers.  In  recent  years,  increasing  attention  has  focused  on  identifying 
root  causes  and  eliminating  them  by  making  material,  equipment,  and  process 
improvements. 

Some  customers  require  the  best  achievable  reliability  and  the  longest  possible  lifetime, 
since  failures  may  directly  cause  loss  of  life  and  property,  create  unsafe  situations,  and 
inflate  maintenance  costs.  Also,  in  some  business  sectors,  system  lifetimes  are  being 
extended  far  beyond  original  plans. 

The  challenge  remains  to  not  only  deliver  product  which  meets  customer  reliability 
requirements,  but  to  maximize  yield.  Often  this  amounts  to  a  conflict  which  must  be  resolved 
using  models  and  test  data  to  determine  whether  or  not  screening  is  needed,  and  if  it  is,  how 
much.  It  is  thought  that  today  high  voltage  screens  still  play  an  important  role  in 
screening  out  potential  early  life  insulator  failures  in  both  dynamic  memories  and  random 
logic  devices  at  several  manufacturers. 

If  the  distribution  of  oxide  failures  in  time  is  zero  until  30  years,  then  no  screening  is 
necessary  for  customers  who  require  the  best.  On  the  other  hand,  if  a  wide  or  bimodal 
distribution  of  oxide  lifetimes  is  known  to  exist  or  recur  periodically  in  a  product  line,  it  is 
desirable  to  screen  out  the  freaks  to  improve  the  early  life  failure  rate  of  the  remaining 
population.  Contrary  to  some  notions  being  popularized,  screening  sometimes  can  in  fact 
improve  the  reliability  of  the  remaining  population  of  devices.  This  is  so  because 
reliability  is  defined  as  l-(hazard  rate),  which  is  l-(instantaneous  probability  of 
failure)/(l -cumulative  failures).  In  some  cases,  screening  can  move  the  customer  time  zero 
reference  to  a  point  on  the  hazard  rate  curve  where  reliability  is  improved.  Another 
important  motivation  for  at  least  some  screening  is  to  generate  failures  or  marginal  parts 
which  can  be  analyzed  to  determine  root  causes.  This  is  a  vital  to  continuous  improvement. 

Of  course,  screening  will  not  necessarily  make  a  good  device  better,  although  this  may 
appear  to  occur.  For  example,  a  spot  source  of  alkali  ion  contamination  which  might  exist 
before  burn-in  may  be  more  hazardous  than  a  diffused  blanket  which  might  exist  after  a 
time  at  high  temperature.  Also,  a  MOS  dynamic  memory  cell  with  a  marginal  low  refresh 
time  may  exhibit  longer  refresh  time  after  a  high  voltage  screen  which  causes  electron 
trapping  which  opposes  tunneling  at  the  cathode.  If  either  of  these  situations  were  known 
to  exist,  the  manufacturer  would  probably  still  search  for  process  or  test  improvements  to 
fix  or  screen  such  problem  devices. 

If  the  defects  of  concern  arc  due  to  unassignable  random  causes,  they  will  not  be 
controllable  by  statistical  process  control.  The  root  cause  of  the  failures  must  be  determined 
by  analyzing  failures  generated  by  testing  test  structures  or  products.  If  the  root  causes 
cannot  be  identified  or  controlled  to  the  level  required,  then  screening  is  necessary.  Aging 
oxide  screens  involve  voltage,  time,  temperature  stress  to  age  above  the  freak  population 
lifetime,  but  below  the  main  population  lifetime.  Alternatively,  a  non-aging  high 
voltage  leakage  current  lest  may  reveal  the  presence  of  defective  oxides.  Presently  such 
inspection  after  fabrication  is  finished  is  impossible  in  many  integrated  circuits  because 
achievable  stress  is  limited  by  low  junction  breakdown  voltages,  and  is  confounded  by  the 
complexity  of  circuit  function,  and  test  pattern  generation,  which  often  interfere  with 
application  of  even  stress  to  all  oxides.  Although  processes  could  be  modified  to  support 
higher  voltage,  and  built-in  circuitry  could  be  added  to  control  screening,  a  simpler 
approach  is  to  screen  during  fabrication. 
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In  process  gate  oxide  screening  can  be  accomplished,  yet  has  not  been  widely 
investigated  in  production  environments  to  date.  This  effort  was  undertaken  to 
investigate  the  cost  and  benefit  of  one  approach  to  incorporating  a  controlled  transistor 
gate  oxide  reliability  screen  into  the  fabrication  process  flow  for  CMOS  integrated  circuits. 
It  uses  a  sacrificial  metal  layer  to  connect  all  poly  gates  in  parallel  to  enable  screening 
prior  to  drain  connection.  The  results  indicate  that  significant  improvements  in  reliability 
result,  with  little  or  no  effect  on  product  reliability  introduced  by  the  added  processing. 


DANIEL  J.  BURNS 
Project  Engineer 
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PREFACE 


This  report  covers  the  work  performed,  using  a  sacrificial-metal- 
pattern  technique,  to  demonstrate  a  100%  in-process  screen  for  oxide 
defects  in  high-density  CMOS  microcircuits,  and  to  evaluate  the 
effectiveness  and  side  effects  of  the  added  processing  steps  on  yield  and 
reliability.  Using  large-area  polysilicon  capacitors  and  101 -stage  metal- 1 
delay-lines  in  GEM  WAT  keys  as  test  vehicles,  experiments  with  split  lot 
reliability  screening  and  life  test,  first  with  240A  and  again  with  150A 
gate  oxide,  have  demonstrated  practically  complete  elimination  of  the 
defective  populations  for  test  capacitors  and  about  50%  reduction  in  circuit 
functionality  failures  for  delay-line  circuits.  This  is  accomplished  with 
little  or  no  penalty  in  metal-polysilicon  contact  resistance,  or  in  delay-line 
circuit  yield.  The  technique  is  found  to  be  promising  and  should  be  further 
investigated  with  more  complex  circuits  with  double-level  metals. 
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1.  INTRODUCTION 


1.1  General 

The  objective  of  this  study  was  to  demonstrate  a  100%  in-process 
screen  for  oxide  defects  in  state-of-the-art  digital  microcircuits  and  to 
evaluate  the  effectiveness  and  side  effects  of  the  added  processing  steps 
on  yield  and  reliability.  This  effort  included  the  following  tasks:  literature 
survey,  investigation  of  the  sources  of  oxide  defects,  investigation  of 
alternative  approaches  to  accomplishing  100%  oxide  screening,  and 
demonstration  of  an  in-process  screening  technique. 

1.  Literature  Survey 

Evaluate  alternative  approaches  to  oxide  screening  technique  to 
improve  circuit  reliability  through  a  literature  search  and  original 
thinking. 

2.  Sources  of  Oxide  Defects 

Investigate  sources  of  oxide  defects  as  a  function  of  process  steps,  and 
evaluate  impact  of  screening  at  various  steps  in  the  process  flow. 

3.  Alternate  Approaches 

Investigate  alternative  approaches  to  accomplishing  a  100%  screening 
of  all  oxide  areas  in  M OS  integrated  circuits,  with  emphasis  on 
transistor  gate  oxides,  and  evaluate  alternatives  in  terms  of  the 
impact  on  design  tirr._,  masks,  layout  rules  and  checks,  fabrication 
steps,  potential  impact  on  yield,  extra  handling,  and  the  resulting 
screening  effectiveness. 

4.  Demonstration  of  an  In-Process  Screening  Technique 

This  involved  choosing  one  of  the  alternatives  for  in-process  oxide 
screening  and  performing  a  feasibility  study  to  demonstrate 
application  of  the  technique.  This  task  included  the  following: 

a.  Definition  of  oxide  quality  test  to  assess  the  need  for  an  oxide 
reliability  screen  for  a  wafer,  and  for  demonstration  of  the 
required  parameters  for  in-process  screening. 

b.  Definition  of  specific  implementation  of  the  screening  method 
and  design  of  the  additional  process  steps  required  to  accomplish 
screening.  This  task  involved  identifying  means  for  adding  in- 
process  screening  to  typical  CMOS  and  CMOS-on-insulator 
technologies. 
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c.  Test  Vehicle  Selection.  This  task  involved  development  of  a 
test/demo  plan  and  selection  of  test  vehicles  to  demonstrate  the 
screening  approach  chosen.  The  test  vehicles  included  a  simple 
test  structure  and  a  logic  circuit. 

d.  Split  lot  reliability  screening  and  life  test.  This  consisted  of 
fabricating  the  test  vehicles  and  applying  the  in-process  screen 
to  a  portion  of  the  sample  population,  and  life  testing  the  entire 
population  to  assess  the  effectiveness  of  the  in-process 
screening.  In  this  task,  consideration  was  given  to  provide 
artificial  introduction  of  defects,  or  special  means  to  allow  higher 
stress  during  life  test  as  possible  ways  to  ensure  that  the  life  test 
will  be  meaningful. 

e.  Failure  Analysis.  This  consisted  of  analyzing  test  vehicle  failures 
that  occured  during  screening  and  the  life  tests  in  order  to  assess 
screening  effectiveness. 

1.2  Oxide  Breakdown  Strength  Distribution 

Silicon  dioxide  plays  a  vital  role  in  modern  integrated  circuits.  MOS 
ICs  depend  on  the  dielectric  integrity  of  thin  oxide  layers  for  the  high 
input  impedance  of  MOS  transistors  and  the  charge  storage  capability  of 
MOS  transistors  [1-40].  For  reliable  operation,  it  is  important  that  the 
integrity  of  the  gate  oxide  be  maintained  throughout  the  fabrication 
process.  As  device  geometries  are  reduced,  gate-oxide  thicknesses  are 
scaled  as  well.  Oxide  thicknesses  from  100A  to  150A  are  currently  being 
investigated  for  the  next  generation  of  ICs.  Due  to  the  importance  of 
compatibility  with  existing  circuits,  these  thin  o \ide  devices  are  usually 
operated  at  the  standard  5  V  power  supply  which  imposes  very  high 
electric  fields  across  these  thin  oxides.  Use  of  high  electric  fields  makes  it 
critical  that  thin  oxides  be  free  of  defects  for  the  ICs  to  operate  reliably  in 
the  field.  Accordingly,  there  is  considerable  interest  in  techniques  to 
screen  devices  having  defective  oxides  prior  to  their  incorporation  into 
equipment  for  field  use  142-56]. 

A  typical  plot  [41]  of  the  logarithm  of  the  number  of  transistors  with 
defective  gate  oxide  regions  on  an  untested  and  unscreened  silicon  wafer 
vs  electric  field  applied  to  the  gate  oxide  for  a  given  unit  of  time  (such  as  1 
ms)  is  shown  in  Fig.l.  The  peak  at  the  left  represents  devices  which  are 
initially  shorted  or  short  with  a  few  volts  applied  for  a  very  brief  time. 
Devices  with  this  type  of  defect,  if  fully  tested  electrically,  would  typically 
not  be  present  in  the  population  of  devices  shipped  to  a  customer.  The 
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second  peak  represents  infant  mortality  failures  in  unscreened  product 
during  life  testing  or  product  usage  and  that  may  be  minimized,  in  general, 
by  proper  growth,  annealing,  guttering  or  processing.  E5  is  the  voltage  to 
which  the  gate  oxide  should  be  stressed,  if  possible,  to  weed  out  detective 
devices.  With  many  high-density  devices,  the  voltage  stress  is,  however, 
limited  to  E4.  The  peak  on  the  right  represents  devices  having  gate  oxide 
failure  due  to  intrinsic  oxide  breakdown  or  to  inherent  oxide  breakdown  in 
certain  types  of  transistors. 


Figure  1.  Plot  of  number  of  gate  oxide  defects  in  an  integrated 
circuit  vs  electric  field  across  the  gate  oxide. 

When  several  types  of  active  devices  or  several  types  of  thin-oxide 
structures  exist  in  an  IC,  several  types  of  inherent  breakdown  may  exist, 
and  each  type  of  device  or  structure  may  contain  localized  defects  that  are 
potential  infant  mortality  defects.  For  example,  ICs  containing  two  or  more 
levels  of  polysilicon,  both  the  gate  oxide  and  the  oxides  over  polysilicon 
can  contain  defects  that  adversely  affect  reliability.  Transistors  (or 
capacitors)  free  of  localized  defects,  but  containing  topology  that  results  in 
high  electric  fields  or  oxide  thinning  at  the  topology  features,  may  have  an 
inherent  gate  oxide  breakdown  voltage  that  is  substantially  lower  than  the 
intrinsic  breakdown  of  planar  oxides  on  the  same  wafer.  The  ratio  of  the 
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inherent  transistor  (or  capacitor)  breakdown  voltage  to  the  intrinsic 
breakdown  voltage  of  the  planar  oxide  provides  an  indication  of  the  merit 
of  the  process  in  terms  of  minimizing  or  overcoming  topology  effects.  It  is 
known  that  processing  conditions  can  be  changed  to  obtain  significant 
increases  in  the  dielectric  breakdown  voltage  of  devices  with  topology. 
These  process  changes  can  have  a  favorable  impact  on  reliability,  since 
they  permit  voltage  stressing  and/or  burn-in  at  higher  voltages. 

In  order  to  ensure  high  reliability  or  low  failure  rate  of  ICs  in  field 
use,  the  defect  population  shown  in  Fig.  1  must  be  eliminated.  The  most 
common  method  for  screening  oxides  is  burn-in.  This  typically  involves 
operating  a  device  at  a  higher-than-normal  voltage  level  and/or  at  an 
elevated  temperature  for  a  prescribed  period  of  time  [59,60].  Extensive 
studies  of  dielectric  breakdown  of  MOS  device  structures  have  shown 
trimodal  distribution  of  breakdown  voltages  similar  to  that  in  Fig.l  [69- 
72].  These  studies  also  show  that  the  voltage  acceleration  factor  for  time- 
dependent  dielectric  breakdown  is  very  high,  whereas  the  temperature 
acceleration  factor  is  relatively  low  [61].  The  most  commonly  reported 
value  for  the  temperature  effect  is  an  activation  energy  of  0.3  eV. 
Accordingly,  the  use  of  higher  voltages  is  more  effective  than  the  use  of 
higher  temperatures  in  screening  to  eliminate  devices  having  defective 
oxide  sites  which  would  be  susceptible  to  time-dependent  dielectric 
breakdown  during  field  usage;  hence  the  voltage-acceleration  approach  has 
been  used  in  this  study. 
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2.  LITERATURE  SURVEY 


A  literature  search  was  conducted  in  January  1991.  Included  was  an 
on-line  computer  search  of  titles  and  abstracts,  using  INSPEC,  from  1984  to 
date,  AND  an  ISI  Science  Citation  search  of  articles  which  cited  two  selected 
references  (McPherson  et  al.,  IRPS,  1985;  Lee  et  al.  IEEE  Trans.  ED,  Dec. 
1988).  A  total  of  140  references  were  found  in  the  INSPEC  search,  using 
“oxide  breakdown”  and  “oxide  reliability”  as  key  words.  Sixteen  references 
were  found  in  the  ISI  search.  A  listing  of  the  computer  search  of  titles  is 
provided  in  Appendix  A.  These  were  supplemented  by  other  references 
from  our  files.  Earlier  literature  is  broadly  covered  in  the  references  cited 
in  a  number  of  the  more  recent  articles  that  were  obtained  during  the 
search.  Selected  publication  copies  were  reviewed  relative  to  the 
objectives  of  the  contract. 

Alternative  approaches  to  in-process  oxide  screening  range  from 
application  of  a  voltage  stress  immediately  after  gate  oxide  formation  to 
application  of  a  voltage  stress  at  the  last  possible  step  in  the  wafer  process 
sequence.  Available  published  information  continues  to  indicate  that  the 
oxide  defects  can  be  formed  at  a  number  of  wafer  process  steps  after  gate 
oxidation,  and  thus  application  of  the  100%  voltage  stress  after  high- 
temperature  processing  (after  patterning  of  polysilicon  and  flow  and 
reflow  of  PSG  or  BPSG)  offers  the  best  opportunity  to  screen  defects  that 
may  have  occurred  in  earlier  process  steps  such  as  ion  implantation  or 
plasma  etching.  The  best  overall  tradeoff  for  silicon-gate  CMOS  ICs  is 
believed  to  be  the  use  of  a  sacrificial  metal  pattern  to  simultaneously 
apply  voltage  to  all  the  gates,  relative  to  the  underlying  MOS  transistors.  A 
detailed  discussion  of  alternative  approaches,  sources  of  oxide  defects,  and 
impact  of  alternate  approaches  are  given  in  Sections  3  and  4. 

In  accordance  with  Section  4. 1.8. 4  of  the  Statement  of  Work,  we 
chose  the  sacrificial  metal  pattern  technique  as  the  best  approach  to  100% 
in-process  oxide  reliability  screening. 
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3.  SOURCES  OF  OXIDE  DEFECTS 


The  sources  of  oxide  reliability  failure  defects  can  be  categorized  into 
(i)  process-related  oxide  defects,  and  (ii)  material-related  oxide  defects. 
These  are  listed  in  Table  1. 

Table  1.  Sources  of  oxide  defects. 

A.  Process-related  Oxide  Defects: 

•  Non-uniform  oxidation 

•  Mobile  ion  contamination  during  oxidation 

•  Pattern  edge/corner 

•  Gate-oxide-related  photolithography 

•  Residual  nitride  on  Si  surface 

•  Ion  implantation 

•  Reactive  ion  etching 

•  Resist  ashing 

•  Jet  scrubbing 

•  Static  electricity 

•  High-temperature 

B.  Material-related  Oxide  Defects: 

•  Oxygen  micro-precipitates 

•  Metallic  impurities  (e.g.,  Cu,  Ni,  Na)  in  the  oxide 

•  Contaminated  crystal  defects 

•  Imperfect  Si  surface  polishing 

•  Non-smooth  Si  etching 

•  Flaws  and  scratches  in  silicon 

•  Si  micro-powder  left  on  the  surface 

3.1  Process-Related  Oxide  Defects 

Process-related  oxide  defects  [62-68]  include  defects  introduced  into 
the  oxide  either  during  the  oxide  growth  process  due  to  non-uniform 
oxidation  because  of  stress  in  the  Si/Si02  interface,  or  contamination  of 
mobile  ions,  or  radiation  damage  or  charging  damage  during  subsequent 
device  processing  operations  such  as  ion  implantation,  plasma  etching  and 
resist  ashing. 

Non-uniform  oxidation  of  silicon  leads  to  localized  oxide  thinning 
which  causes  local  electric  field  intensification  across  the  oxide,  leading  to 
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degradation  of  long  term  oxide  reliability.  When  the  silicon  surface  prior 
to  gate  oxidation  is  neither  planar  nor  smooth,  such  as  at  the  edge  of 
trenched  silicon,  oxide  thickness  uniformity  depends  on  the  oxidation 
[73,74].  Oxide  thinning  at  patterned  silicon  edges  and  corners  has  been 
attributed  to  oxidation  suppression  due  to  stress  increase  in  the  oxide 
following  a  volume  expansion  at  the  Si/Si02  interface  [75-78], 

Another  common  cause  of  oxide  thinning  in  CMOS  and  BiCMOS 
process  is  residual  silicon  nitride,  Si3N4,  on  a  silicon  surface.  The  SisN4  film 
is  commonly  used  as  a  mask  during  LOCOS  (local  oxidation  of  silicon) 
oxidation  [79].  E.  Kooi  et  al  [80]  found  that  the  gate  oxide  grown  after  the 
LOCOS  process  showed  a  thin  ring  around  the  periphery  of  the  pattern. 

The  model  they  proposed,  which  is  largely  accepted,  states  that  during  wet 
oxidation  the  Si3N4  masking  layer  is  also  oxidized,  thereby  forming  some 
kind  of  ammonia  species,  which  diffuses  through  the  masking  Si3N4  and 
pad  Si02  and  reacts  with  the  silicon  underneath,  growing  a  thin  nitride 
layer.  This  layer  of  Si3N4,  if  not  completely  removed,  will  retard  oxidation 
in  the  area,  leading  to  non-uniform  oxidation.  Ormond  et  al  [81,82]  relate 
low  gate  oxide  breakdowns  to  area-related  film  defects  where  chemical 
attack  of  the  silicon  occurs  through  pinholes,  and  to  the  edge  effect  as 
described  by  Kooi  et  al  [80].  A  simple  method  to  eliminate  the  "Kooi  effect" 
is  the  addition  of  2%  HC1  during  the  wet  isolation  oxidation  [83]  and/or  to 
include  a  sacrificial  oxidation  prior  to  gate  oxidation  [84],  thus  improving 
the  dielectric  characteristics  of  the  thin  gate  oxide. 

Electrical  charging  of  semiconductor  wafer  surfaces  during  ion 
implantation  has  been  reported  by  numerous  papers  in  recent  years  [85- 
88].  The  problem  is  especially  pronounced  in  high-current  implanters 
used  for  advanced  ICs  with  gate  oxide  thickness  of  200A  or  less.  In  these 
applications,  the  very  high  rate  of  charge  deposition  and  induced  charges 
on  the  surface  of  4-  to  8-inch-diameter  wafers  can  cause  serious  damage 
to  the  wafers  and  the  oxide  layers  in  the  devices  or  circuits,  ranging  from 
macroscopic  poor  implant  dose  uniformity  [88]  to  microscopic  deterioration 
of  individual  devices  [87].  The  macro-charging  effect  is  caused  by  charging 
of  the  entire  wafer  surface,  leading  to  changes  in  the  ion-beam  profile  at 
the  wafer  plane  and  results  in  a  non-uniform  implant.  The  micro-charging 
effect  is  the  result  of  localized  microscopic  trapped  charges  within  or  near 
the  insulating  oxide  layers.  These  trapped  charges  can  generate  large  local 
electric  fields  across  thin  dielectric  layers  and  destroy  the  thin  dielectric 
layers  or  degrade  oxide  reliability.  High  electric  fields  across  thin  oxide 
layers  can  also  cause  electron  tunneling  from  the  substrate  or  micro¬ 
discharges  along  defects,  resulting  in  softened  device  characteristics  and 
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long  term  reliability  problems  (87].  Wu  et  al  [88]  demonstrated  that 
proper  electron-flood-gun  control  using  an  in-situ  capacitive-charging 
pickup  sensor  can  eliminate  wafer  charging  during  ion  implantation,  thus 
resulting  in  improved  reliability. 

Charge  buildup  on  conductors  is  also  the  primary  cause  of  oxide 
damage  during  plasma  etching  [89-92,  94-100],  resulting  in  gate  oxide 
leakage  or  breakdown.  Recent  data  [101-103]  show  that  plasma  non¬ 
uniformity  across  the  wafer  surface  is  mostly  responsible  for  the  oxide 
damage  since  it  produces  electron  and  ion  currents  that  do  not  balance 
locally.  Fang  et  al  [105]  used  both  direct  plasma-probe  measurements  and 
circuit  models  for  the  plasma  currents  to  calculate  the  current  flow 
through  MOS  capacitors  on  a  silicon  wafer,  and  as  able  to  match  the 
observed  damage  with  the  calculated  Fowler-Nordheim  tunneling  current 
through  thin  oxide  layers.  The  relationship  between  Fowler-Nordheim 
tunneling  current  and  oxide  damage  involves  the  injection  of  electrons  that 
produce  trapped  holes  near  the  gate/oxide  interface,  thus  enhancing  the 
electric  field  and  the  stress  on  the  gate  oxide  and  causing  degradation  in 
long-term  oxide  reliability  even  if  early  breakdown  is  not  produced. 

Plasma  ashing  of  patterned  photoresist  can  also  damage  oxides  [104]. 
During  ashing,  gate  oxides  are  more  susceptible  to  charging  damage  since 
they  typically  start  as  isolated  islands  and  the  areas  exposed  to  the  plasma 
increase  as  the  protective  photoresist  is  etched.  Use  of  wet  stripping  or 
ashing  in  a  nonplasma  ozone  asher  can  avoid  charging  damage  to  the  oxide 
during  plasma  ashing  [93]. 

Charge  buildup  on  patterned  wafers  can  also  occur  during  wafer 
processing  steps  such  as  jet  scrubbing  and  spin  drying.  Measurements 
with  static-charge  meters  have  shown  that  during  these  processing  steps, 
the  patterned  conductors  on  the  wafer  surface  can  be  charged  to  several 
hundred  volts.  This  amount  of  friction-induced  charging  can  easily  cause 
dielectric  breakdown  or  degradation  in  thin  gate  oxides  [88].  To  eliminate 
this  wafer  charging,  jet  scrubbing  and  wafer  spinning  are  often  replaced 
by  more  gentle  cleaning  techniques  such  as  rinsing  in  alcohol  to  dry 
wafers. 

Oxide  degradation  after  high-temperature  post-oxidation  anneal  has 
been  studied  by  many  investigators  [116-118].  Holland  and  Hu  [106] 
found  that  for  post-oxidation  annealing  temperatures  higher  than  the 
oxide  softening  temperature  (~950°C),  the  viscous  shear  flow  or  the 
creation  of  oxygen  deficient  sites  in  the  Si02  causes  a  dramatic  increase  in 
hole  trapping  efficiency.  This  in  turn  decreases  the  oxide  charge-to- 
breakdown  (Qbd>-  On  the  other  hand,  annealing  at  800°C  or  less  does  not 
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affect  Qbd-  They  also  reported  that  oxide  Qbd  can  be  maximized  by 
keeping  the  oxide  oxidation  temperature  below  1000°C  and  the  optimum 
post-oxidation  annealing  temperature  is  approximately  900°C.  These 
results  are  consistent  with  the  recent  data  reported  by  Mehta  et  al  [107] 
on  post-growth  process-induced  degradation  in  thin  gate  oxides.  They 
found  that  the  degradation  of  gate  oxide  quality  in  terms  of  Qbd  with  post¬ 
oxidation  high-temperature  annealing  occurs  only  when  the  annealing  is 
performed  in  the  presence  of  polysilicon  layer  over  the  gate  oxide. 
Annealing  before  polysilicon  deposition  does  not  affect  Qbd,  suggesting 
thereby  that  the  Qbd  degradation  is  not  merely  caused  by  the  viscous 
shear  flow  of  SiC>2  but  by  virtue  of  its  flow  in  the  presence  of  the  overlay 
polysilicon  film  defining  the  gate.  It  is  the  shear  flow  at  the  two  interfaces, 
i.e.  polysilicon/Si02  and  Si/Si02,  that  causes  stress  buildup  in  the  oxide 
film,  leading  to  the  degradation  in  gate  oxide  quality. 

3.2  Material-Related  Oxide  Defects 

Some  oxide  defects  are  related  to  the  quality  of  the  starting  silicon 
wafers,  such  as  oxygen  micro-precipitates  [108-113],  metallic  impurities 
[114,1151,  and  contaminated  crystal  defects.  It  has  been  reported  that  Si02 
grown  on  float-zone  (FZ)  Si  material  has  less  defects  than  that  of 
Czochralski  (CZ)  Si  [119,  120].  In  CZ  Si  substrates,  the  concentration  of 
oxygen  exceeds  the  solid  solubility  at  the  process  temperature  and  are 
included  as  interstitial  atoms.  These  interstitial  oxygen  atoms  can  lead  to 
oxide  defects  after  oxidation  of  the  Si  substrate.  However,  in  SiC>2  films  at 
room  temperature,  interstitial  oxygen  is  rarely  encountered  alone  but 
combined  with  foreign  species  such  as  Na,  H,  etc.  impurity  ions  to  form 
more  complex  defects.  Yamabe  et  al  [121]  presented  conclusive  evidence 
that  oxygen  micro-precipitates  in  Si  substrates  become  oxide  defects  when 
they  are  included  during  oxidation.  Impurity  atoms  can  enter  the  grown 
oxide  for  many  reasons,  and  at  many  steps  of  the  fabrication  process  steps 
previously  discussed.  They  enter  the  SiC>2  during  oxidation  if  they  are 
already  present  in  the  Si  substrate,  such  as  doping  atoms  P,  B,  As  and 
various  other  impurities.  Or,  they  have  been  incorporated  voluntarily  or 
involuntarily,  such  as  H2O  and  chlorinated  compounds,  in  the  oxidizing 
ambient.  They  can  also  be  incorporated  during  many  of  the  post-oxidation 
processing  steps.  For  instance,  post-oxidation  annealing  in  H2  orH2+N2 
mixture  let  H2  enter  the  oxide,  wet-etching  steps  let  in  contamination  of 
alkali  ions,  metallization  steps,  and  post-metallization  anneals  let  in 
metallic  ion  contaminants.  Plasma-etching  steps  introduce  all  sorts  of 
impurities.  Ion  implants  of  the  silicon  substrate  through  a  gate  oxide 
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introduce  intrinsic  defects  through  displacement  damage  as  well  as 
impurity  atoms.  Lithography  with  electron  beam  or  x-rays  generates 
electron-hole  pairs  in  the  SiC>2,  causing  bond  rupture  and  displacement 
damage.  Finally,  sodium-ion  contamination  continues  to  be  a  potential 
problem  in  all  IC  processing  steps  in  spite  of  all  kinds  of  precautions  [120]. 

A  number  of  reports  have  been  published  on  oxide  defects 
originating  from  silicon  substrates  [124].  Itsumi  et  al  [123]  showed  that 
the  sacrificial  oxidation  procedure  is  effective  in  removing  oxide  defects. 
Yamabe  et  al  [124]  reported  that  the  major  origin  of  B-mode  oxide  defect 
are  oxygen  micro-precipitates  and  metallic  contamination  in  the  Si 
substrates,  and  that  to  increase  the  reliability  of  thin  thermally  grown  SiC>2 
films,  high-temperature  pre-oxidation  annealing  to  get  rid  of  oxygen 
precipitates  near  the  silicon  surface  and/or  phosphorus  diffusion  into  the 
back  side  of  wafers  to  getter  metallic  impurity  atoms  such  as  Cu,  Ni,  and  Na 
are  required  to  achieve  device  yield  and  reliability  at  an  acceptable  level. 

Other  material-related  oxide  defects  may  originate  from  a  nonplanar 
silicon  substrate  surface  which  results  from  imperfect  silicon  surface 
mirror  polishing  [127-129],  microroughness  of  the  silicon  surface  due  to 
too  much  NH4OH  in  SC-1  cleaning  solution  [129],  non-smooth  silicon  etching 
by  chemical  dry  etching  or  reactive  ion  etching  (RIE)  [126],  silicon  micro¬ 
powder  left  on  the  substrate  surface,  or  simply  flaws  and  scratches  on  the 
silicon  surface.  In  these  cases,  the  thickness  of  the  thermally  grown  SiC>2 
will  not  be  uniform  and  thus  constitutes  an  oxide  defect  and  leads  to  pre¬ 
mature  breakdown  and  degradation  in  long-term  reliability. 
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4.  ALTERNATE  APPROACHES  FOR  OXIDE  SCREENING 


4.1  Limitations  in  Applying  Voltage  Screens  to 

Completed  MOS  ICs 

The  merit  of  voltage  screening  of  IC  wafers  or  packaged  IC  circuits 
have  been  extensively  documented  in  the  literature  [3,  130-134],  In  order 
to  perform  voltage  screening  to  a  completed  MOS  IC,  it  is  necessary  to 
apply  the  stress  voltage  to  all  the  gates  of  the  transistors  in  the  circuit. 
However,  under  the  application  of  a  normal  test  vector  set,  some  gates  in 
the  circuit  will  receive  far  more  stressing  than  others.  In  addition, 
application  of  a  stress  bias  to  a  packaged  high-density  IC  may  be 
constrained  by  the  input  protective  circuit,  the  avalanche  breakdown 
voltage  of  the  drain  junctions,  punch-through,  latch-up,  and/or  inversion 
of  the  field  oxide.  Moreover,  the  process  of  applying  sufficient  stress  to 
one  gate  in  the  circuit  may  cause  another  gate  to  be  unacceptably  aged  and 
result  in  excessive  yield  loss  [37].  As  a  result,  voltage  stressing  is 
becoming  less  utilized  in  screening  gate  oxides  in  completed  MOS  ICs, 
especially  in  random  logic  devices,  because  it  requires  a  set  of  test  vectors 
that  stress  each  gate  equally.  To  avoid  these  limitations  to  circuit  stressing 
and  to  permit  sufficient  stress  to  be  applied  to  all  gates  for  a  time  period 
long  enough  to  eliminate  circuit  chips  with  defective  oxides,  the  voltage 
stress  on  the  gates  can  be  applied  only  during  chip  fabrication. 

4.2  In-Process  Oxide  Stressing 

Two  possible  methods  for  in-process  application  of  gate  stresses  are 
(i)  use  of  a  sacrificial  metallization  pattern  (or  preliminary  polysilicon 
pattern)  to  connect  in  parallel  all  of  the  polysilicon  gates,  and  (ii)  use  of  an 
electron  or  ion  beam  to  charge  the  oxide  before  polysilicon  deposition,  or  to 
charge  the  polysilicon  after  polysilicon  gate  formation  [135]. 

For  the  sacrificial-metal-pattern  method,  a  voltage  stress  is  applied 
to  all  of  the  polysilicon  gates  of  a  silicon-gate  MOS  IC  during  wafer 
processing.  After  patterning  of  the  n+  polysilicon  and  the  flow  and/or 
reflow  of  the  passivation/planarization  glass,  a  sacrificial  metallization 
pattern  would  be  applied  to  connect  in  parallel  all  of  the  polysilicon  gates. 
In  this  procedure,  wafers  that  have  contact  openings  made  using  the 
normal  contact-cut  pattern  are  aluminum  metallized,  and  the  metal  is 
delineated  using  patterns  specifically  designed  to  interconnect  all  of  the 
polysilicon  lines  to  a  broad  metal  stripe  in  the  bond  pad  area.  Metal  is  left 
over  areas  of  contact  to  single-crystal  silicon  regions  such  as  source  and 
drain  diffusion  areas,  but  these  metal  regions  are  not  connected  to  the 
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metal  pattern  which  interconnects  all  of  the  gates.  Voltage  stressing  is 
performed  on  each  chip  by  probing  the  broad  metal  stripe  in  the  bond  pad 
region  of  each  chip.  A  single  probe  may  be  used  to  step  across  the  broad 
metal  stripe,  hence,  once  on  each  die.  Alternately,  a  "bed  of  nails"  could 
make  electrical  contact  to  each  broad  metal  stripe  area  in  each  die  in  one 
operation.  When  electrical  contact  has  been  established  with  a  broad 
metal  stripe  in  one  die  area  and  another  electrical  contact  made  to  the 
backside  of  the  wafer,  a  brief  high  voltage  screen  is  applied  across  each  die 
area  and  the  resulting  current  measured.  This  forces  the  same  voltage  on 
each  gate  electrode  in  each  die  area.  If  any  gate  oxide  in  the  die  area  is 
defective,  the  die  area  will  draw  an  abnormally  high  current,  or  an 
abnormally  low  current  as  in  the  case  of  catastrophic  breakdowns  in  the 
metallization  due  to  electrical  shorts,  and  be  detected  as  a  failure.  The 
failed  dies  can  be  "inked"  in  the  usual  fashion  so  that  they  are  not  sent  for 
packaging  after  dicing.  The  screening  voltage  and  its  duration  of 
application  should  be  carefully  chosen  so  as  not  to  unfavorably  affect  the 
remaining  lifetime  of  the  devices  with  good  gate  oxides.  The  voltage 
stressing  sequence  can  apply  one  polarity,  or  apply  both  positive  and 
negative  voltage  to  the  interconnected  polysilicon  gate  regions,  relative  to 
the  silicon  substrate  back  contact.  Following  this  screening  operation,  the 
patterned  A1  metal  layer  used  for  contacting  the  polysilicon  gates  is 
stripped  and  then  re-metallized  with  AI,  Al-Si,  or  other  A1  alloy,  and 
processing  continued  in  the  usual  fashion. 

The  preceding  discussion  applies  to  techniques  for  in-process  voltage 
stressing  of  conventional  silicon-gate  MOS  IC  wafers,  or  wafers  with  other 
refractory-conductor  gate  materials.  With  minor  modifications,  in-process 
voltage  stressing  can,  in  most  cases,  also  be  applied  to  silicon-gate  MOS 
devices  with  buried  contacts,  to  Al-metal-gate  MOS  devices  and  to  other 
types  of  device  structures. 

A  non-metal-contact  method  uses  an  electron  or  ion  beam  to  either 
charge  the  gate  oxide  directly  or  charge  the  polysilicon  gates.  The  electron 
or  ion  beam  may  be  scanned  electrically  and/or  mechanically  over  the 
entire  wafer  or  batch  of  wafers  in  order  to  simultaneously  chaige  all  the 
gates  on  a  wafer.  The  required  stress  potential  can  be  maintained  for  a 
specified  time  by  capacitively  monitoring  the  potential  of  the  gate  areas 
188]  and  using  a  feedback  loop  to  the  beam  source. 
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4.3  Advantages  and  Limitations  of  In-Process  Screening 

The  advantages  of  in-process  voltage  screening  are: 

•  Screening  results  in  a  higher  probability  of  producing 
products  with  high  reliability. 

•  With  in-process  screening,  higher  voltages  can  be  applied 
than  would  be  possible  with  completed  wafers  or  with 
packaged  devices. 

•  All  gate-oxide  areas  are  stressed  for  equal  times. 

•  Early  feedback  data  can  provide  information  on  the  oxide 
failure  distribution  and/or  process  contamination  problems. 

The  advantages  and  disadvantages  of  using  a  sacrificial  metal  mask 
or  of  using  ion  or  electron  beam  for  in-process  oxide  stressing  are 
tabulated  in  Table  2.  Use  of  ion  or  electron  beam  for  in-process  oxide 
stressing  has  the  advantage  of  not  requiring  any  additional  photomask 
patterns,  metallization,  photolithography,  or  metal  etch  steps  and, 
therefore,  less  process  complexity  and  little  or  no  adverse  impact  on 
product  yield  or  reliability.  It  has  several  disadvantages.  Since  the 
voltage  stress  is  applied  early  in  the  process ,  it  is  thus  not  able  to  screen 
devices  with  damage  occurring  in  subsequent  steps  after  polysilicon  gate 
patterning.  As  discussed  in  Section  3.1,  many  process  steps  subsequent  to 
polysilicon-gate  patterning  in  a  typical  CMOS  or  BiCMOS  IC  fabrication  have 
been  shown  to  have  the  potential  for  degrading  gate  oxides.  With  ion  or 
electron  beams  for  in-process  voltage  stressing,  it  is  difficult  to  control  the 
voltage-stress  polarity  since  the  secondary-electron-emission  ratio  of  the 
si  rface  bombarded  by  an  ion  or  electron  beam  depends  on  a  large  number 
of  parameters  some  of  which  are  very  difficult  to  control.  Finally,  ion-  or 
electron-beam  techniques,  unless  accompanied  by  a  very  sophisticated 
means  for  detecting  incidence  of  oxide  breakdowns  (such  as  detection  of 
light  emission  during  breakdowns)  provide  no  information  on  oxide  defect 
density. 

In-process  stressing  by  the  use  of  a  sacrificial  metal  pattern  after 
flow  and/or  reflow  of  passivation  glass  has  the  advantage  of  the  screen 
being  applied  late  in  the  wafer  fabrication  sequence,  after  all  of  the  ion 
implantation  steps  and  high-temperature  process  steps  (600°C  to  1100°C) 
have  been  completed.  Typical  subsequent  steps  are  at  450°C  or  lower 
which  are  less  likely  to  adversely  affect  the  gate  oxide.  Another  advantage 
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of  using  a  sacrificial  metal  pattern  for  gate  oxide  stressing  is  the  ability  to 
stress  the  gate  oxide  with  both  positive  and  negative  voltage  polarity  on 
the  polysilicon  gate  electrode  for  n-  and  p-type  devices  with  respect  to  the 
source  and  drain  and/or  the  substrate  underneath  the  gate  oxide.  The 
method  is  thus  applicable  to  CMOS,  BiCMOS,  and  CMOS-on-insulator 
technologies,  whereas  the  ion  or  electron  beam  technique  obviously  is  not. 
Lastly,  use  of  a  sacrificial  metal  pattern  for  voltage  stressing  has  a  high 
screening  efficiency  since  it  causes  catastrophic  damage  at  defects  which 
can  be  easily  mapped  to  provide  information  on  oxide  integrity  and 
product  yield. 

Table  2.  Alternate  approaches  of  in-process  oxide  stressing  - 

advantages  and  disadvantages. 


Sacrificial  Metal  Pattern 

Ion  or  electron  beam 

Mask 

Special  mask  needed  to 
connect  in  parallel  all 
polygates  and  to  S/D 

Not  needed 

Voltage  stress 

Both  +  and  -  for  n  and  p 

Difficult  to  control 

polarity 

type  devices 

Point  of 

Can  be  applied  late  in 

Applied  early  in  the  process 

application 

processing  to  screen 
defects  incurred  just 
before  metallization 

Oxide  defect 

Can  provide  early  info 

Cannot  provide  such 

on  oxide  integrity  and 
product  yield 

information 

Screening 

Cause  catastrophic 

May  not  cause  catastrophic 

efficiency 

damage  at  defects 

damage  to  give  positive 
screen 

Process 

Additional  steps  may 

complexity 

adversely  impact  yield 
reliability 

Less  process  complexity 

Disadvantages  of  in-process  stressing  by  the  use  of  a  sacrificial  metal 
pattern  include  the  need  for  a  specially  designed  mask  to  connect  in 
parallel  all  of  the  polysilicon  gates  and  all  of  the  sources  and  drains  in  each 
die  on  a  wafer.  This  leads  to  increased  process  complexity,  increased 
processing  cost,  possible  adverse  impact  on  device  yield,  and  the 
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possibility  of  gate  oxide  damage  at  process  steps  subsequent  to  the  in- 
process  voltage  screening,  including  the  removal  of  the  sacrificial 
metallization  a  id  the  re-deposition  of  a  metal  or  metal-alloy.  However, 
the  sacrificial  metal  layer  used  in  in-process  screening  of  gate  oxides  sees 
only  limited  temperatures,  such  as  photoresist  hard  bake.  There  is  no 
contact-alloying  step  so  that  there  are  no  problems  with  metal  spiking  at 
contacts,  total  removal  of  the  sacrificial  metal  by  wet-etching  [136],  or 
residues  that  will  prevent  the  formation  of  high-reliability,  low-resistance 
ohmic  contacts  in  the  final  metallization. 
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5.  DEMONSTRATION  OF  AN  IN-PROCESS  SCREENING 

TECHNIQUE 


5.1  Definition  of  Oxide  Quality  Test 

Time-dependent  dielectric  breakdown  (TDDB)  of  gate  oxides  of  MOS 
transistors  and  of  other  thin-oxide  structures  is  a  principal  failure 
mechanism  in  MOS  integrated  circuits  [9-10,  132-133,  137-145].  In  TDDB 
tests,  MOS  capacitors  are  biased  at  a  fixed  voltage  and  a  fixed  temperature 
for  long  times,  usually  about  1000  h.  Time-to-fail  for  each  device  is 
recorded  by  automated  computer  test  equipment  and  the  data  is  analyzed 
by  plotting  the  cumulative  percent  failure  as  a  function  of  the  logarithm  of 
time-to-fail.  TDDB  tests  have  been  used  for  many  years  as  a  process 
development  tool  and  as  an  oxide  reliability  monitor  for  the  fabrication  of 
MOS  circuits.  Until  recently  [146],  it  has  been  widely  accepted  that  the 
times-to-fail  in  TDDB  are  lognormally  distributed!  132,  147].  Figure  2 
shows  a  typical  TDDB  lognormal  distribution  which  can  be  approximated 
by  the  following  expression  for  the  failure  density  function,  fs(ln  t)  [132]: 


fs(ln  0  =  — j— i - -exp- 

(t-to) 


_  1  ~ln(t-to)-ln/i 
2 .  a 


t£  tr 


(1) 


where  a.p.  and  t0  correspond  to  the  variance,  mean  and  initial  failure  time, 
respectively.  The  values  of  these  parameters  are  a  function  of  the 
dielectric  quality. 

The  occurrences  of  TDDB  can  be  accelerated  b'nh  thermally  and 
electrically.  Thermal  acceleration  is  modeled  by  the  Arrhenius  equation 
as: 


Ik 

y 

k 

(2) 


where  Ts  is  the  stress  temperature,  T0  the  device  operating  temperature, 
and  Ea  the  activation  energy.  The  most  commonly  reported  value  for  Ea  is 
0.3  eV,  which  is  relatively  weak  compared  to  the  acceleration  due  to 
electric  field. 
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Figure  2.  Typical  TDDB  lognormal  distribution  of  failures  of 
capacitors  under  constant  voltage  stress. 


The  electric  field  acceleration  is  modeled  by  a  linear  exponential 
dependence  of  electric  field  as 


Agp  -  s  —  exp[  y(Es  E0)| 


(3) 


where  y  is  an  empirical  curve-fitting  parameter. 

Thermal  acceleration,  Aj,  and  electric  field  acceleration,  Aef,  are 
assumed  to  be  independent,  and  therefore  can  be  combined  to  give  TDDB 
failures  at  device  operation  conditions  from  accelerated  data: 
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This  expression  can  be  used  to  design  a  reliability  screen  (temperature  and 
voltage)  for  a  given  device  which  will  give  the  desired  failure  rate  [132]. 

However,  in  recent  years,  several  observations  have  been  reported 
that  affect  the  validity  of  extrapolation  of  product  lifetime  from 
accelerated  TDDB  measurements,  using  the  above  expression.  First,  the 
activation  energy  has  been  reported  to  vary  as  a  function  of  the  electric 
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field  [148-150].  Second,  the  standard  deviation  of  the  lognormal  failure 
distribution  has  been  found  to  vary  with  both  electric  field  and 
temperature,  leading  to  an  ambiguous  acceleration  factor  determination 
[148-149].  Hu  et  al  [146,151]  proposed  a  reciprocal  model  in  which  the 
electric  field  acceleration  factor  is  inverse-exponentially  dependent  on 
electric  field,  instead  of  linear-exponentially  dependent,  namely: 
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(±  >11 

7 

ml 

** 

ml 

o  | 

(5) 


It  is  shown  that  the  reciprocal  model  has  a  quantitative  physical  basis,  that 
is,  oxide  breakdown  is  due  to  Fowler-Nordheim  tunneling  and  charge 
trapping  at  localized  spots.  The  trapped  hole  density  is  modeled  as  [152] 

Qot+  00  J(Eox)cc(Eox)t, 


~  te-(B+H>/E  (6) 

where  Qot+  is  the  density  of  trapped  hole  charge,  J  exp(-B/Eox)  is  the 
Fowler-Nordheim  (F-N)  current  density  and  a  «  exp(-H/Eox)  is  the  hole 
generation  coefficient  [153].  At  fields  >  6  MV/cm,  the  reciprocal  field 
model  of  Hu  et  al  have  been  shown  to  yield  better  agreement  with 
experimental  data  in  the  literature  [154].  However,  at  electric  fields 
nearer  to  device  operating  conditions  testing,  extensive  testing  by  Boyko 
and  Gerlach  [155]  at  fields  <  5  MV/cm  in  an  attempt  to  determine  electric 
field  functionality  has  proven  inconclusive.  Neither  a  linear  nor  a 
reciprocal  model  accounts  for  their  data  of  approximately  14,000  test 
capacitors  over  the  entire  range  of  temperature  (60°C  to  150°C)  and 
electric  fields  (3  MV/cm  to  8  MV/cm).  Thus,  we  conclude  that  presently, 
the  reciprocal  field  model  is  preferred  over  the  linear  field  model  for  the 
following  reasons: 

•  The  reciprocal  field  model  agrees  better  with  experimental  data  at 
electric  fields  >  6  MV/cm. 

•  The  reciprocal  field  model  has  a  quantitative  physical  basis,  namely 
Fowler-Nordheim  tunneling  and  localized  charge. 

•  The  reciprocal  field  model  does  not  assume  a  lognormal  distribution 
for  TDDB.  A  lognormal  distribution  for  a  population  with  a 
defective  sub-group  is  mathematically  difficult  to  justify. 
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5.2  Voltage-Ramp-Oxide-Breakdown  (VROB)  Test 

5.2.1  Oxide  breakdown  model 

As  mentioned  in  the  previous  section,  according  to  the  reciprocal 
field  model  the  logarithm  of  the  time-to-breakdown  tBD  can  be  written  as 


where  Vox  is  the  voltage  across  the  oxide,  Xeff  is  the  effective  oxide 
thickness  at  the  weakest  spot  in  the  oxide,  and  G  =  350  MV/cm  and  tq  =  1.0 

x  10'11  s  [156].  The  concept  of  effective  oxide  thinning  is  used  to  model 
not  only  physical  thin  spots  in  the  oxide  film  but  also  asperities  at  the 
interface  and  localized  areas  having  a  modified  chemical  composition 
which  may  increase  the  charge  trapping  rate  or  reduce  the  barrier  height 
at  the  Si/SiC>2  interface. 

By  expressing  t0(T)  in  Arrhenius  form  with  activation  energy  Eb  and 
expanding  G(T)  in  a  Taylor  series  in  1/T,  we  have 

To(T) "  T° CXP[~t(t  ~  300 )_ 

and 

G(T)  =  g[\  +  — f— — — Yl 

klT  300/J  (8) 

where  §  and  Eb  have  been  experimentally  determined  to  be  0.0167  and 
0.28  eV,  respectively  [157]. 

Applying  this  model  to  situations  with  time-dependent  voltage  and 
temperature  (e.g.  ramp  voltage  testing  and  burn-in,  etc),  the  incremental 
oxide  damage  dA  incurred  per  unit  time  is  assumed  to  have  a  damage  rate 
dependent  only  on  the  instantaneous  damage  level  and  is  independent  of 
previous  stress  history,  i.e. 

^  =  f(4)g(V.T,Xw) 


(9) 


where  the  functional  form  of  f  and  g  are  to  be  determined.  Integration 
gives 
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where  Abd  is  the  damage  threshold  level  for  destructive  breakdown.  The 
constant  C  can  be  found  by  considering  the  constant  voltage  and 
temperature  case: 


C  =  g(Vox,  T,  Xeff)tBD 

Comparing  Eq.  (11)  and  Eq.  (7),  we  have 


g(Vox.T,Xeff)  = 
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Substituting  Eq.(12)  into  Eq.  (10),  the  breakdown  condition  for  time- 
dependent  voltage  V  =  V(t)  and  temperature  T  =  T(t)  is  obtained: 
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Applying  this  to  the  case  of  ramp  voltage  test,  V(t)=Rt  and  T(t)=Tt,  where  R 
is  the  ramp  rate  (in  V/s),  we  have 
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where  Vbd=  RtBD  [146].  In  general,  Eq.  (14)  has  to  be  solved  numerically 
to  determine  the  Xeff  corresponding  to  a  measured  Vbd-  However,  since 
the  Xeff  dependence  of  the  exponential  term  dominates  over  the  Xeff 
dependence  of  the  pre-exponential  coefficient,  it  is  possible  to  obtain  an 
accurate  closed  form  solution  for  Xeff  by  setting  Xeff  in  the  pre-exponential 
term  to  80  A.  This  gives 
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Substituting  Eq.  (15)  into  Eq.(7)  gives  the  relation  between  Vbd  of  a  ramp 
voltage  test  at  temperature  Tt  and  tBD  of  a  constant  voltage  Vox  test  at  Tt: 


t]JD  -  T0^t) 


'BD 


[RG^Jr^TJgOAJ 


(16) 


Since  the  ramp  voltage  test  is  much  shorter  than  the  constant  voltage 
TDDB  test,  this  is  a  very  desirable  relationship  defining  the  ramp  voltage 
test  to  characterize  oxide  quality  and  to  project  device  reliability  related  to 
oxide  quality.  Wolters  et  al  [158-162]  also  arrives  at  a  similar  conclusion, 
that  there  is  no  essential  difference  between  time-dependent  and  ramp 
voltage  oxide  breakdowns.  Both  are  consequences  of  the  injection  of 
charge  to  a  critical  value,  Qbd,  through  the  oxide  layer. 

If  a  constant  voltage  screen  is  applied  to  the  oxide  before  the  voltage 
ramp  test,  the  breakdown  condition  is  the  sum  of  the  damage  incurred 
during  the  screen,  As  and  that  incurred  during  the  ramp  test,  At, 
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where  the  oxide  is  stressed  at  Vs  volts  and  Ts  Kelvins  for  ts  seconds  and 
has  a  subsequent  ramp  test  at  Tt.  This  expression  can  be  used  to  predict 
the  ramp  voltage  breakdown  after  the  in-process  oxide  screening. 


5.2.2  Determination  of  voltage  screen  parameters 

In  order  to  determine  an  in-process  screening  voltage  for  any  type  of 
IC,  it  is  necessary  to  know  the  typical  distribution  of  oxide  defects  vs 
breakdown  voltage,  and  also  to  know  the  inherent  dielectric  strength  of  the 
MOS  transistors  used  in  the  IC.  This  information  can  be  obtained  most 
conveniently  from  voltage-ramp-oxide-breakdown  (VROB)  tests. 

Alternatively,  the  TDDB  distribution  can  be  used.  According  to  the  reciprocal 
field  model  of  Hu  et  al,  VROB  and  TDDB  are  equivalent  and  are  related  by  Eq. 
(16).  Since  VROB  tests  are  rather  easy  and  quick  while  TDDB  tests  are  time- 
consuming  and  expensive,  VROB  tests  will  be  used  to  monitor  gate  oxide 
quality  routinely  and  TDDB  tests  will  be  performed  only  on  selected  samples 
to  verify  correlation  with  VROB  tests. 

To  determine  the  optimum  screening  procedure,  the  gate  electrodes 
on  a  series  of  test  devices  are  subjected  to  a  ramp  voltage  at  1  V/s  until 
oxide  breakdown  occurs.  The  cumulative  percent  failure  is  then  plotted  as 
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a  function  of  the  ramp  oxide  breakdown  voltage  Vbd-  An  example  of  the 
VROB  distribution  on  a  500-transistor  MOS  array  from  a  developmental 
process  with  tox=350A  is  shown  in  Fig.  3  [41].  The  VROB  distribution 
measured  at  55°C  shows  a  break  at  the  20%  failure  level,  indicating  two 
failure  mechanisms.  The  20%  of  failure  that  occurs  at  the  lower  voltages 
are  due  to  oxide  defects,  and  the  remaining  80%  are  due  to  inherent  oxide 
breakdown.  Obviously,  the  20%  defective  population  can  be  eliminated  by 
a  screening  process  in  which  the  devices  are  subjected  to  a  ramp  voltage  at 
1  V/s  at  55°C  until  the  voltage  reaches  25.5  V,  at  which  point  the  applied 
voltage  is  turned  off.  Alternately,  a  constant  voltage  at  25.5V  can  be 
applied  to  the  gate  at  a  different  temperature,  Ts ,  for  a  time,  ts,  which  can 
be  determined  from 
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For  a  constant  voltage  screen  performed  at  the  same  temperature  as  the 
VROB  tests,  Ts  =  Tt  ,  we  have 


t.  = 


RGOUX^ 


(19) 


where  Xcff  is  given  by  Eq.(15)  with  Vbd=Vs. 

Another  criterian  in  the  determination  of  an  optimum  screen  voltage 
is  that  the  voltage  screen  should  not  cause  significant  (>10%)  wearout  of 
the  oxide  in  the  rest  of  the  good  devices,  i.e.: 
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where  <Xcff>  is  given  by  Eq.  (15)  with  Vbd  =  <Vbd>,  the  average  ramp  oxide 
breakdown  voltage  for  the  intrinsic  part  of  the  VROB  distribution.  In  the 
example  given  in  Fig.  3a,  <Vbd>  =28.0V,  R  =  9.4  V/s,  <Xeff>  =197A,  Vs  =  25.5 
V,  As  =  0.086,  indicating  that  the  voltage  screening  process  we  have  chosen 
does  not  significantly  affect  the  wearout  of  the  oxide  in  the  good  devices. 
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Time  to  failure  (s) 


Figure  3.  a)  Voltage  Ramp  Oxide  Breakdown  distribution  showing 
defect  and  inherent  failure  modes,  b)  Lognormal  plot  of  time- 
dependent  dielectric  breakdown  distribution  showing  defect  and 
inherent  failure  modes. 
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5.2.3  In-process  voltage  screening  for  CMOS  and 
CMOS-on-insulator  technologies 

In  this  section,  we  define  the  specific  implementation  of  the 
screening  method  and  design  the  additional  process  steps  required  to 
accomplish  in-process  screening  to  typical  CMOS  and  CMOS-on-insulator 
technologies. 

We  begin  by  examining  the  structure  of  a  typical  bulk  CMOS  circuit, 
shown  schematically  in  Fig.  4.  The  starting  material  is  a  lightly  doped  n- 
epitaxial  layer  over  a  heavily  doped  n+  substrate.  The  use  of  epitaxial 
wafers  produces  CMOS  circuits  that  are  less  prone  to  latchup  [163]  when 
combined  with  proper  circuit  layout  techniques.  The  p-tub  and  n-tub 
regions  are  formed  by  ion  implantation  and  driven-in  by  diffusion  to 
achieve  carefully  controlled  surface  dopant  concentrations.  This  "twin-tub" 
CMOS  approach  allows  the  doping  profiles  in  each  tub  region  to  be  tailored 
independently.  The  NMOS  and  PMOS  transistors  are  then  fabricated  in  the 
p-tubs  and  n-tubs,  respectively,  and  a  tub  may  contain  tens  of  thousands 
of  transistors  of  a  given  type  within  it. 


Figure  4.  Schematic  diagram  of  a  typical  bulk  CMOS  with  twin  tubs. 


In  order  to  stress  the  gate  oxides  effectively  in  both  the  NMOS  and 
the  PMOS  transistors,  the  voltage  applied  must  appear  across  the  thin  gate 
oxide  underneath  the  entire  gate  and  not  across  a  depletion  region 
underneath  the  gate  oxide.  Thus,  for  capacitors  built  on  p-type  silicon,  the 
top  electrode  should  be  biased  negatively  with  respect  to  the  p-type 
substrate  in  order  to  properly  stress  the  oxide  layer.  Figure  5  shows  the 
I-V  characteristics  of  a  capacitor  with  240A  oxide  layer  fabricated  on  p- 
type  silicon  substrate.  With  the  n+ -doped  polysilicon  electrode  biased 
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negatively  with  respect  to  the  p-type  substrate,  the  silicon  surface 
underneath  the  oxide  layer  is  accumulated,  the  leakage  current  through 
the  oxide  layer  increases  monotonically  with  the  absolute  value  of  the  bias 
voltage  across  the  oxide  before  oxide  breakdown  occurs  at  -28  V. 

However,  with  the  polysilicon  electrode  biased  positively  with  respect  to 
p-type  silicon  substrate,  the  leakage  current  across  the  oxide  layer  levels 
off  at  ~+24  V  and  the  oxide  does  not  indicate  any  sign  of  breakdown  even 
at  40  V.  This  is  due  to  the  formation  of  a  depletion  layer  in  the  silicon 
surface  underneath  the  oxide  layer  so  that  the  applied  voltage  drops  across 
the  oxide  layer  and  the  depletion  layer  and  re^  ;’ts  in  a  lower  electric  field 
across  the  oxide  than  it  would  be  otherw 


IG 


(  A) 


Figure  5.  The  I-V  characteristics  of  a  capacitor  with  240 A  oxide 
layer  fabricated  on  p-type  silicon  substrate. 


The  situation,  however,  is  somewhat  changed  in  the  case  of  an  NMOS 
transistor  in  a  p-tub  in  a  typical  CMOS  circuit.  An  experiment  was 
performed  to  investigate  the  feasibility  of  voltage  stressing  the  gate  oxide 
of  NMOS  transistor  by  biasing  the  gate  positively  with  respect  to  the  n+ 
substrate  on  the  back  side  of  the  wafer  and  the  I-V  characteristics  are 
shown  in  Fig.  6.  The  leakage  current  as  a  function  of  the  biasing  voltage 
exhibits  unpredictable  features  because  the  pn-junction  at  the  edge  of  the 
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p-tub  is  reverse-biased  and  the  potential  of  the  silicon  surface  underneath 
the  NMOS  transistor  gate  is  floating.  Attempts  to  raise  the  pn-junction 
leakage  current  at  the  edge  of  the  p-tub  by  raising  the  substrate 
temperature  to  150°C  only  slightly  alleviate  the  problem  and  do  not 
eliminate  it.  Secondly,  biasing  the  gate  of  an  NMOS  transistor  with  respect 
to  the  n+  substrate  or  the  p-well  alone  does  not  adequately  stress  the  gate 
oxide  at  the  perimeter  of  the  gate  electrode  which  usually  overlaps  the 
source/drain  regions.  If  contact  can  be  made  to  the  p-well  substrate  and 
electrically  tied  to  both  the  source  and  the  drain  of  the  transistor,  then  the 
gate  oxide  can  be  adequately  stressed  by  biasing  the  gate  electrode  with 
respect  to  the  source/drain  and  the  p-well  substrate  in  a  manner  similar  to 
the  case  of  a  capacitor  already  discussed.  This  is  depicted  in  Fig.  7.  If, 
however,  contact  to  the  well  substrate  is  not  available  or  easily  accessible, 
the  gate  oxide  of  an  NMOS  transistor  can  still  be  adequately  stressed  when 
the  gate  electrode  is  biased  positively  with  respect  to  the  source  and/or 
drain.  When  the  gate  electrode  is  biased  above  the  threshold  voltage  of 
the  NMOS  transistor  (typically  1  to  2  V),  the  channel  regions  of  the 
transistor  becomes  conductive  and  the  entire  surface  region  underneath 
the  gate  oxide  reached  the  same  potential  as  the  source  or  drain.  Similarly, 
for  a  PMOS  transistor,  the  gate  electrode  should  be  biased  negatively  with 
respect  to  the  source  and/or  drain  to  stress  the  gate  oxide.  Reversing  the 
polarities  on  the  gate  can  lead  to  higher  breakdown  voltages  since  the  gate 
oxide,  in  this  case,  is  stressed  only  properly  in  the  overlapped  regions 
above  the  source  and/or  drain  regions  and  improperly  in  the  channel 
region.  Thus,  for  both  CMOS  on  bulk  silicon  and  for  CMOS-on-insulator,  the 
recommended  in-process  screening  method  involves  making  parallel  top 
surface  connections  to  all  of  the  gates  and  making  a  top  surface  contact  to 
the  source/drain,  and  stressing  the  gates  both  negatively  and  positively. 
This  makes  it  simple  to  design  a  mask  for  sacrificial  metal  patterns  in  both 
bulk  CMOS  and  CMOS-on-insulator  technologies  since  sources  and  drains  of 
transistors  are  typically  connected  together  to  VdD  or  Vss  and  a  sacrificial 
metal  pattern  to  connect  together  all  transistor  gates  can  be  implemented 
with  little  or  no  penalty  for  modified  contact  and  via  layout. 
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Figure  6.  The  I-V  characteristics  of  a  NMOS  transistor  in  a  CMOS 
circuit  when  the  gate  is  biased  positively  with  respect  to  the  n+ 
substrate. 
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Figure  7.  The  I-V  characteristics  of  a  NMOS  transistor  in  a  CMOS 
circuit  when  the  gate  is  biased  positively  with  respect  to  the  VSs, 
and  with  respect  to  tied  to  p-well  contact. 
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5.3  Test  Vehicle  Selection 

An  ideal  test  vehicle  to  assess  the  merit  of  in-process  oxide  screening 
is  one  designed  for  the  state-of-the-art  bulk  CMOS  technology,  which 
contains  both  appropriate  test  patterns  and  a  suitable  logic  device  on  the 
same  wafer.  One  of  the  microcircuits  currently  being  fabricated  at 
Sarnoffs  IC  Center  is  based  on  a  1.5-pm  BiCMOS  technology  with  double¬ 
level  metallization,  and  is  used  for  the  GEM  (Generalized  Emulation  of 
Microcircuits)  program  [164].  The  Wafer  Acceptance  Test  keys  contain  a 
Metal- 1  Delay  Line  circuit  and  large-area  capacitors  of  thin  gate  oxides 
over  p-type  (p-well)  and  over  n-type  (n-well)  regions  of  bulk  silicon. 

The  Metal- 1  Delay  Line  can  be  fabricated  and  tested  using  only  one 
level  of  metallization.  The  delay  line  consists  of  101  stages  connected  in 
series.  Each  of  the  101  stages  consists  of  a  simple  CMOS  inverter  having 
one  n-channel  and  one  p-channel  transistor.  The  delay-line  has  no  input 
protection  circuits  and  its  layout  is  shown  in  Fig.  8.  The  delay-line  circuit 
is  a  simple  logic  circuit  that  is  used  in  the  present  experiment  to 
demonstrate  the  effect  of  oxide  screening  and  extra  processing  steps  on  the 
yield  of  the  circuit  at  the  end  of  oxide  screening  and  circuit  fabrication.  A 
sacrificial  metal  mask  is  fabricated  to  connect  all  of  the  gates  of  the  delay 
line  together  for  the  purpose  of  voltage  stressing  the  gate  oxide  after  the 
delineation  of  the  doped  polysilicon  gates  but  before  the  final 
metallization.  The  layout  of  the  sacrificial  metal  mask  is  shown  in  Fig.  9. 
After  gate  oxide  screening,  the  sacrificial  metallization  is  stripped  and  the 
fabrication  of  the  delay  line  finished  with  the  proper  metallization. 

Large-area  polysilicon  capacitors  over  p-wells  and  similar  capacitors 
over  n-wells  are  used  as  test  vehicles  for  oxide  screening  and  subsequent 
reliability  testing,  and  are  shown  in  the  photomicrograph  of  the  GEM  WAT 
keys  in  Fig.  10,  together  with  the  101-stage  Metal-1  Delay  Line  circuit. 
These  capacitors  measure  400  pm  x  500  pm  and  consist  of  POCI3 -doped 
polysilicon  over  thin  gate  oxide.  The  thickness  of  the  thin  gate  oxide  is 
nominally  240  A.  The  sacrificial  metallization  allows  the  voltage  stressing 
on  the  thin  oxide  layers  in  these  test  capacitors  prior  to  the  final 
metallization. 
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Figure  8.  Layout  drawing  (with  portions  omitted)  of  the  Metal-1 
Delay  Line  circuit  in  GEM. 
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Figure  10.  Photomicrograph  of  the  GEM  WAT  key  showing  the  101- 
stage  Metal- 1  Delay  Line  circuit  and  POLY  CAP  on  p-well  and  POLY 
CAP  on  n-well  structures. 


5.4  The  Experiment 
5.4.1  Description 

An  experiment  involving  routine  process  lots  in  Sarnoffs  IC  Center 
was  performed  to  investigate  the  merit  and  side  effects  of  in-process  oxide 
screening  on  the  reliability  of  the  gate  oxide  and  the  extra  processing  steps 
on  the  product  yield.  Two  lots  of  BiCMOS  GEM  wafers  were  processed,  with 
each  lot  having  a  3-way  split.  In  the  first  lot  of  18  wafers,  devices  were 
fabricated  with  normal  gate  oxide  thickness  of  240A.  The  first  split  group 
of  6  wafers  (Cl  to  C6)  were  control  wafers,  with  neither  the  sacrificial 
metallization  nor  in-process  voltage  stress.  The  second  group  of  6  wafers 
(K1  to  K6)  were  control  wafers  with  the  sacrificial  metallization  but  no  in- 
process  voltage  stress.  The  third  group  of  6  wafers  (T1  to  T6)  were  test 
wafers  with  sacrificial  metallization  and  in-process  voltage  stress.  The 
experimental  test  consisted  of  the  following  sequence  of  steps,  which  are 
shown  schematically  in  Fig.  11. 
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1.  The  VROB  measurements  were  performed  at  1  V/s  on  wafer  Cl,  C2, 
C3  and  C4,  with  negative  polarity  on  the  polysilicon  electrode,  using 
test  structures  POLY  CAP  on  p-well.  Wafer  Cl  was  tested  at  55°C  in 
the  upper  half  of  the  wafer,  and  at  80°C  in  the  lower  half.  Similarly, 
wafer  C2  was  tested  at  125°C  and  at  200°C.  Wafers  C3  and  C4  were 
tested  at  125°C  TDDB  measurements  on  wafers  C5  and  C6  were 
performed  at  125°C,  using  test  structures  POLY  CAP  on  p-well.  The 
in-process  screen  voltage  (using  a  voltage-ramp  method)  was  then 
chosen  at  3  V  less  than  the  median  breakdown  voltage  for  intrinsic 
or  inherent  breakdown.  The  above  procedure  with  reversed  polarity 
was  repeated  for  POLY  CAP  on  n-well. 

2.  For  wafers  T1  to  T6,  in-process  voltage  stress  was  applied  at  125°C  to 
p-well  polysilicon  capacitors,  n-well  polysilicon  capacitors,  and 
Metal-1  Delay  Lines.  For  p-well  polysilicon  capacitors,  the  polysilicon 
electrode  was  biased  negative  with  respect  to  the  p-well.  For  n-well 
polysilicon  capacitors,  the  polysilicon  electrode  was  biased  positive 
with  respect  to  the  n-well.  For  the  Metal- 1  Delay  Line,  the  gates 
were  biased  first  positively  and  then  negatively  with  respect  to  the 
V dd  and  Vss  lines,  thus  fully  stressing  the  gate  oxides  in  both  p- 
channel  and  n-channel  transistors.  Records  were  kept  on  all  devices 
and  circuits  that  failed  during  in-process  voltage  stressing. 

3.  Sacrificial  metallization  was  removed  from  all  wafers  (K1  to  K6,  T1  to 
T6).  Wafers  K1  to  K6  were  not  voltage  stressed  but  were  metallized 
with  the  same  sacrificial  metal  pattern  to  serve  as  controls. 

4.  Wafers  K1  to  K6  and  T1  to  T6  were  metallized  and  patterned  with 
First-Level  Metallization  Mask.  Metal  contact  resistances  were 
measured  in  test  patterns  in  these  wafers  after  the  First  Level 
Metallization  and  compared  to  values  measured  before  the  removal 
of  the  sacrificial  metallization. 

5.  The  VROB  measurements  were  performed  on  wafers  K1  to  K6  and  T1 
to  T6  at  125°C,  using  the  p-well  and  n-well  polysilicon  capacitors 
with  the  proper  polarity. 

6.  The  Metal- 1  Delay  Lines  in  wafers  Cl  to  C6,  K1  to  K6  and  T1  to  T6 
were  tested  for  device  functionality  as  a  monitor  for  the  effect  of 
extra  processing  steps  on  circuit  yield.  Testing  was  performed  with 
square  pulses  of  50  ps  pulse-width  and  5  V  amplitude  as  inputs,  and 
output  waveforms  were  monitored  on  an  oscilloscope.  In  addition, 
Idd  currents  were  monitored  and  recorded  during  device  switchings. 
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Repeat  with  2nd  lot  of  18  wafers  with  15nm  gate  oxide. 


Figure  11.  Flow  diagram  of  the  split-lot  experiments  to  investigate 
the  effect  on  in-process  oxide  screening  the  circuit  yield  and 
reliability. 
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In  the  second  lot  of  wafers,  the  standard  GEM  process  used  in  the 
first  lot  was  altered  to  weaken  the  gate  oxide.  The  gate  oxide  thickness 
was  changed  to  150A  instead  of  240A.  This  should  enhance  the 
probability  of  observing  oxide  failures  in  test  devices  and  circuits  not 
given  the  in-process  voltage  stress  and,  therefore,  increase  the  sensitivity 
of  the  evaluation  of  the  in-process  screen.  The  same  test  procedures  as 
outlined  above  was  used  on  the  second  lot  wafers  and  the  results  analyzed 

Testing  was  performed  on  a  HP4062C  Semiconductor  Parametric 
Analyzer  which  automatically  performs  step  and  repeat  measurements  on 
each  die  on  a  wafer  under  test.  Software  was  specifically  developed  for 
the  VROB,  the  TDDB  measurements  and  the  in-process  voltage  stressing  of 
the  gate  oxides  in  the  101 -stage  delay-line  circuit  and  the  polysilicon 
capacitors  over  n-well  and  p-well.  A  listing  of  the  software  programs  are 
given  in  Appendices  B  and  C. 

Lastly,  failure  analysis  was  performed  on  selected  devices  that  failed 
during  screening  or  during  the  life  tests  to  verify  which  were  caused  by 
oxide  breakdowns  in  order  to  assess  screening  effectiveness.  Failure 
analysis  included  selectively  removing  the  overlying  layers  of  the  devices 
and  etching  the  samples  in  defect-revealing  etchants. 

5.4.2  Results  of  split-lot  experiment 

5.4.2. 1  Results  of  in-process  voltage  screen  on  first  test  lot 

Control  wafers  Cl  and  C2  were  characterized  with  respect  to  VROB 
tests.  The  VROB  measurements  were  performed  at  1  V/s,  using  test 
structures  POLY  CAP  on  n-well  biased  in  accumulation.  Wafer  Cl  was  tested 
at  55°C  in  the  upper  half  on  the  wafer,  and  at  80°C  in  the  lower  half.  Except 
for  one  die  located  near  the  wafer  edge  in  each  case  with  a  visually  obvious 
photolithographic  problem,  there  was  no  pre-mature  oxide  breakdown 
observed.  Wafer  C2  was  tested  at  125°C  and  at  200°C,  and  only  one  pre¬ 
mature  breakdown  was  observer  in  each  case.  Based  on  the  data  from 
wafers  Cl  and  C2,  a  decision  was  made  to  test  the  rest  of  the  wafers  at 
125°C  in  an  attempt  to  enhance  failures  in  the  samples,  since  very  low 
defect  density  in  the  gate  oxide  up  to  level-1  metallization  in  the  BiCMOS 
GEM  wafers  could  present  a  problem  for  a  clear  demonstration  of  the 
effectiveness  of  the  in-process  oxide  screening  experiment.  Figure  12  shows 
an  example  of  measured  and  stored  VROB  data  for  POLY  CAP  on  n-well  and 
POLY  CAP  on  p-well.  The  breakdown  voltage  Vbd  where  currents  exceed  50 
mA  are  stored  as  well  as  the  entire  I-V  characteristics  for  each  chip  on  a 
test  wafer  so  that  each  device  can  be  subsequently  analyzed  in  greater 
details  if  needed. 
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Figure  12.  An  example  of  measured  and  stored  VROB  data. 
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Control  wafers  C3  and  C4  were  characterized  with  respect  to  VROB 
tests  at  125°C  and  at  1  V/s,  using  test  structures  POLY  CAP  on  n-well 
biased  in  accumulation.  The  median  breakdown  voltage  for  intrinsic 
breakdown  was  found  to  be  27.6  V,  and  the  in-process  screening  voltage 
was  then  chosen  at  24.6  V.  For  test  structures  POLY  CAP  on  p-well,  biased 
with  negative  polarity  on  the  polysilicon  electrode,  the  median  breakdown 
voltage  for  intrinsic  breakdown  was  found  to  be  -27.6  V,  and  the  in- 
process  screening  was  chosen  at  -24.6  V.  This  choice  of  screening  voltage 
gives,  according  to  Eq.(20),  As  =  4.4%  for  the  percentage  of  damage  to  the 
good  devices  incurred  during  screening. 

In-process  voltage  stress  was  applied  at  125°C  to  p-well  polysilicon 
capacitors,  n-well  polysilicon  capacitors  and  Metal- 1  Delay  Lines  in  test 
wafers  T1  to  T6.  The  screening  voltages  were  24.6  V  applied  at  1  V/s  for 
n-well  capacitors,  and  -24.6  V  for  p-well  capacitors,  respectively.  For  the 
Metal- 1  Delay  Lines,  the  gates  (which  were  connected  together  with  a 
sacrificial  metal  pattern)  were  biased  first  positively  and  then  negatively 
with  respect  to  the  Vdd  and  Vss  lines,  thus  fully  stressing  the  gates  in  both 
p-channel  and  n-channel  transistors.  Records  were  kept  on  all  devices  that 
failed  during  the  in-process  voltage  stressing.  Wafers  T1  to  T6,  together 
with  wafers  K1  to  K6  (which  were  not  voltage  stressed  but  were  metallized 
with  the  same  sacrificial  metal  pattern),  were  wet-etched  to  remove  the 
sacrificial  metallization,  and  then  re-metallized  and  patterned  with  the 
First-Level  Metallization  for  the  final  evaluation  of  the  effects  of  the  in- 
process  oxide  screening.  Wet-etching  was  chosen  to  remove  the  sacrificial 
metallization  instead  of  dry  etching  to  avoid  any  radiation  damage  to  the 
oxide  layer.  Table  3  summarizes  the  results  of  the  experiment  for  the  GEM 
lot  with  240A  gate  oxide.  It  can  be  seen  from  the  data  that  the  effect  of 
patterning  and  removal  of  the  sacrificial  metallization  increased  the 
cumulative  percent  failure  of  gate  oxide  for  large-area  capacitors  from 
0.8%  to  2.3%,  as  determined  by  VROB  tests,  and  that  screening  of  gate  oxide 
for  large-area  capacitors  using  a  sacrificial  metallization  completely 
eliminated  the  defective  population. 

Results  of  delay  line  functionality  tests  are  summarized  in  Table  4. 
For  delay  lines,  there  was  a  slight  adverse  effect  on  circuit  yield,  increasing 
initial  percent  of  failures  from  6.8%  to  7.2%,  due  to  patterning  and  removal 
of  the  sacrificial  metallization.  In-process  voltage  screening  of  gate  oxides 
for  the  101 -stage  delay-lines  using  sacrificial  metallization  was  found  to 
improve  circuit  yield,  with  initial  percent  of  failures  decreasing  from  6.8% 
to  3.4%.  This  should  be  contrasted  with  the  complete  elimination  of  the 
defective  population  in  the  case  of  voltage  screening  of  gate  oxide  using  a 
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similar  sacrificial  metallization  for  large-area  capacitors  which  are  much 
simpler  devices  to  fabricate,  indicating  the  probable  existence  of  other 
factors  not  addressed  by  the  gate  oxide  screening,  such  as 
photolithography,  etching  uniformity,  implant  uniformity  and 
contaminations,  etc. 


Table  3.  Results  of  VROB  tests  for  large-area  capacitors  with 

240A  oxide  layers. 


Wafers 

Units 

tested 

Units 

failed 

Percentage 

failure 

C3,C4 

124 

1 

0.8+0. 8% 

K1  ,K2,K3,K4,K5,K6 

306 

7 

2.3±0.9% 

T2,T3,T4 

181 

0 

0.0±0.6% 

Table  4.  Results  of  Metal-1  Delay  Line  functionality  tests  for 

devices  with  240A  gate  oxides. 


Wafers 

Units 

tested 

Units 

failed 

Percentage 

failure 

C5,C6 

44 

3 

6.8±3.9% 

K1,K3,K4,K5,K6 

153 

1 1 

7.2±2.2% 

T2,T4,T5 

89 

3 

3.4±2.0% 

The  effect  of  extra  processing  steps  used  to  pattern  and  remove  the 
sacrificial  metallization  on  the  metal-polysilicon  contact  resistance  was  also 
investigated.  Regular  WAT  tests  were  performed  on  a  control  wafer  C4 
(Wafer  No.  4)  and  on  a  test  wafer  T3  (Wafer  No.  15)  after  the  wet-etching 
removal  of  the  sacrificial  metallization  and  the  re-metallization  and 
patterning  with  the  First-Level  Metallization.  The  results  of  the  WAT  tests, 
which  include  many  useful  data  for  BiCMOS  circuits,  are  given  in  Tables  5 
and  6.  The  metal-polysilicon  contact  resistance  for  2  pm  x  2  pm  openings 
were  6.50  +  0.35  ohms  for  control  wafers  and  6.39  +  0.28  ohms  for  test 
wafers,  respectively.  For  3  pm  x  3  pm  openings,  the  contact  resistances 
were  4.16  +  0.17  ohms  for  control  wafers  and  4.10  +.  0.17  ohms  for  test 
wafers,  respectively.  Thus,  no  adverse  effect  was  found  on  the  metal- 
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Table  5.  The  WAT  test  results  on  control  wafer  C4  (Wafer  No.  4) 

after  First-Level  Metallization. 


WAT  PARAMETER 

SPEC 

m 

Eg 

MEDIAN 

MEAN 

SIGMA 

mzm 

MAX 

NMOS 

Gate  Leakage 

<  100  pA 

0 

1.90E-11 

2.33E-1 1 

1.47E-11 

1.18E-11 

3.65E-1 1 

Idleak  @Vds  =  5V 

<  100  pA 

pi 

0 

1  90E-11 

1.98E-11 

4.73E-12 

1.60E-11 

2.45E-11 

Idrlve  W  =  10pm 

>  2.0  mA 

E9 

0 

2.45E-03 

2.43E-03 

5.00E-05 

2.39E-03 

2.47E-03 

Vtn 

.8  +0.2 

n 

0 

078 

0.78 

0.01 

0.77 

0  792 

BVds  @l0pA 

>  12.0  V 

£9 

m 

1377 

13.75 

0.47 

13.47 

14  150 

PMOS 

Gate  Leakage 

>  -100  pA 

EH 

0 

-3.90E-11 

-4.68E-11 

2.11E-11 

-6.63E-11 

-3.0OE-1 1 

Idleak  @Vds  =  -5V 

>  -100  pA 

pi 

pi 

-2.10E-11 

-2.28E-1 1 

5.78E-12 

-2.90E-1 1 

-V80E-11 

Idrlve  W  =  20pm 

<  -2.0  mA 

32 

29 

-2.23E-03 

-2.22E-03 

5.72E-05 

-2.25E-03 

-2.20E-03 

Vtn 

-1.0  ±0.2 

n 

PI 

-1.01 

-1.02 

0.02 

-1.03 

-1  004 

BVsd  @10pA 

< -12.0  V 

0 

0 

-14.05 

-14.05 

0.05 

•14.09 

-14010 

P-Field 

Vtfn 

<  -9.0  V 

E3 

m 

-11.41 

-11.46 

0.11 

-11.54 

-11.380 

NPN 

BVceo 

>  12.0  V 

Pi 

0 

12.18 

12.45 

4.49 

8.13 

16950 

Beta  @lc  =  50pA 

Beta  >  50 

eh 

0 

88  50 

95.11 

25.13 

79.13 

113.100 

Beta  @lc  =  1mA 

Beta  >  40 

0 

0 

8348 

88.39 

20.36 

75.24 

104.300 

ZENER 

Vbkdn  @1.0pA 

6.0  ±0.3 

FI 

0 

5  640 

5.641 

0.023 

5.624 

5.657 

Vbkdn  @1.0mA 

6.0  ±0.3 

E9 

0 

5.810 

5.804 

0.031 

5.771 

5.834 

N-Plus 

N-Plus  Rc  2.0pm 

<  40 

Pi 

0 

37.25 

38.07 

4.71 

34.63 

40.380 

N-Plus  Rc  3.0pm 

<  20 

Pi 

0 

19.25 

19.49 

2.30 

17.56 

20.940 

N-Plus  Rs  (ohms/sq 

40  ±8 

pi 

0 

32.38 

32.43 

0.19 

32.28 

32  540 

P-Plus 

P-Plus  Rc  2.0pm 

<  30 

Pi 

0 

1400 

13.84 

0.55 

13.37 

14.250 

P-Plus  Rc  3.0pm 

<  20 

Pi 

0 

900 

8.98 

0.31 

8.75 

9250 

P-Plus  Rs  (ohms/sq 

85  ±15 

Pi 

0 

58.77 

58.60 

1.42 

STM 

59610 

POLY 

Poly  Rc  2.0pm 

<  10 

13 

0 

6.50 

6.50 

0.35 

6.25 

6750 

Poly  Rc  3.0pm 

<  5 

13 

pi 

4.25 

4.16 

0.17 

4.00 

4.250 

Poly  DW 

0.5  ±  0.3 

32 

pi 

0485 

0.491 

0.028 

0.489 

0.509 

Poly  Rs  (ohms/sq) 

17.5  ±  2.5 

13 

0 

17.08 

16.99 

0.38 

16.77 

17220 

P-Base 

P-Base  Rs  (ohms/sq) 

700  ±100 

13 

13 

691.10 

694.10 

21.85 

880.40 

712900 

Constant  voltage  TDDB  measurements  at  125°C  were  performed  on 
large-area  capacitors  on  wafers  C5  and  C6,  and  the  results  are  shown  in 
Fig.  13.  These  measured  TDDB  distributions  are  then  compared  to  VROB 
distributions  obtained  for  wafers  C3  and  C4  in  the  same  control  group. 

This  is  accomplished  by  transforming  the  results  of  VROB  distributions  to 
TDDB  distributions,  using  Eq.  (16)  which  gives  the  relation  between  Vbd  of 
a  ramp  voltage  test  at  temperature  Tt  and  tBD  of  a  constant  voltage  Vox 
test  at  Tt.  Figure  14  shows  the  results  of  the  TDDB  distributions  derived 
from  VROB  distributions.  There  is  only  fair  agreement  with  the  measured 
TDDB  distributions  for  similar  devices  in  the  same  control  group.  Both 
methods  give  similar  percentage  of  defective  populations,  but  the  spreads 
in  the  good  devices  are  much  tighter  when  similar  devices  are  measured 
with  the  VROB  technique. 
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Table  6.  The  WAT  test  results  on  test  wafer  T3  (Wafer  No.15) 
after  wet-etching  removal  of  Sacrificial  Metallization  and  re¬ 
metallization  with  First-Level  Metallization. 


WAT  PARAMETER 

SPEC 

m 

E3 

MEDIAN 

MEAN 

SIGMA 

wesm 

MAX 

Gate  Leakage 

<  100  pA 

El 

El 

9.20E-1 1 

1.18E-10 

6.99E-11 

6.25E-11 

1.68E-10 

Idleak  @Vds  =  5V 

<  100  pA 

El 

El 

3.90E-1 1 

3.8SE-11 

9.39E-12 

2.95E-1 1 

4.55E-11 

Idrive  W  s  10pm 

>  2.0  mA 

13 

O 

2.41E-03 

2.40E-03 

3.94E-05 

2.38E-03 

2.42E-03 

Vtn 

0.8  ±0.2 

El 

El 

0.78 

0.78 

0.01 

0.77 

0.792 

BVds  @10pA 

>  12.0  V 

El 

El 

13.70 

13.69 

0.26 

1361 

13.840 

Gate  Leakage 

>  -100  pA 

E 

El 

-1.80E-10 

-1.91E-10 

0.82E-1 1 

-2.46E-10 

-1.19E-10 

Idleak  @Vds  =  -5V 

>  -100  pA 

[32 

30 

-4.50E-11 

-4.73E-11 

1.C3E-11 

-5.63E-1 1 

-3.30E-11 

Idrive  W  =  20pm 

<  -2.0  mA 

El 

□ 

-2.06E-03 

-2.06E-03 

4.47E-05 

-2.10E-03 

-2.03E-03 

Vtn 

-1.0  ±0.2 

m 

-1.01 

•1.01 

002 

-1.02 

-0  998 

BVsd  @10pA 

<  -12.0  V 

n 

PI 

-13.55 

-13.58 

0.05 

-1359 

-13510 

Vtfn 

<  -9.0  V 

El 

El 

-11.30 

-1105 

0.15 

-11.43 

-11  250 

BVceo  . 

>  12.0  V 

m 

El 

16.76 

16.77 

1.00 

1606 

17.390 

Beta  @lc  =  50pA 

Beta  >50 

m 

El 

79  94 

84.32 

22  24 

6707 

104.000 

Beta  @lc  s  1mA 

Beta  >  40 

El 

El 

73.52 

77.23 

1831 

63  28 

93  380 

Vbkdn  @1  .OpA 

6.0  ±0.3 

32 

29 

5.650 

5.649 

0.010 

5.640 

5655 

Vbkdn  @1.0mA 

6.0  ±0.3 

PI 

E3 

5  855 

5.862 

0028 

5840 

5.885 

N-Plus-  Rc  2.0pm 

<  30 

PI 

El 

21.50 

22.20 

201 

20  88 

23.250 

N-Plus  Rp  3.0pm 

<  20 

PI 

El 

12.00 

12.53 

1.12 

11.75 

13.250 

N-Plus  Rs  (ohms/sq 

40  ±8 

PI 

El 

33.74 

33.77 

023 

3361 

33.920 

P-Plus  Rc  2.0pm 

<  30 

PI 

El 

1275 

12.66 

0.48 

12.25 

13  000 

P-Plus  Rc  3.0pm 

<  20 

El 

El 

825 

8.35 

031 

8.13 

8500 

P-Plus  Rs  (ohms/sq] 

85  ±15 

E3 

El 

63.56 

63.47 

1.48 

6236 

64  590 

Poly  Rc  2.0pm 

<  10 

|32 

30 

650 

6.39 

0.28 

6.25 

6500 

Poly  Rc  3.0pm 

<  5 

m 

wa 

4.13 

4.10 

017 

400 

4.250 

Poly  DW 

0.5  ±0.3 

L32 

29 

0478 

0.472 

0023 

0464 

0.487 

Poly  Rs  (ohms/sq) 

17.5  ±  2.5 

E3 

13 

1698 

16.89 

048 

1661 

17.220 

P-Base  Rs  (ohms/sq) 

700  ±100 

m 

El 

704  00 

698.30 

25  65 

679.30 

720  600 

NMOS 


PMOS 


P-Field 

NPN 


ZENER 

N-Plus 

P-Plus 

POLY 

P-Base 


5. 4. 2. 2  Results  of  in-process  voltage  screen  on 
second  test  lot 

Control  wafers  C'l,  C'2,  C'3  and  C'4  were  characterized  with  respect  to 
VROB  tests  at  125°C  and  at  1  V/s.  The  median  breakdown  voltage  for 
intrinsic  breakdown  was  found  to  be  20.2  V  for  POLY  CAP  on  n-well,  and 
-20.5  V  for  POLY  CAP  on  p-well.  The  in-process  screening  voltages  chosen 
were  17.2  V  for  POLY  CAP  on  n-well  and  -17.5  V  for  POLY  CAP  on  p-well, 
respectively.  This  choice  of  screening  voltage  gives,  according  to  Eq.  (20), 
As  ~1%  as  the  percentage  of  damage  to  the  good  devices  incurred  during 
the  in-process  oxide  screening.  As  before,  records  were  kept  on  all  devices 
and  circuits  that  failed  during  the  in-process  voltage  stressing  of  the  test 
capacitors  and  the  delay  line  circuits,  as  well  as  all  subsequent  VROB  tests 
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and  circuits  that  failed  during  the  in-process  voltage  stressing  of  the  test 
capacitors  and  the  delay  line  circuits,  as  well  as  all  subsequent  VROB  tests 
to  characterize  the  gate  oxides,  and  the  circuit  functionality  tests.  The 
results  of  the  experiment  for  the  GEM  lot  with  140 A  gate  oxide  are 
summarized  in  Table  7  for  the  oxide  characterization  tests.  From  the  data, 
the  effect  of  patterning  and  removal  of  the  sacrificial  metallization  was 
found  to  have  no  adverse  effect  on  the  cumulative  percent  failure  of  gate 
oxide  for  large-area  capacitors,  which  remained  at  4.4%  as  determined  by 
VROB  tests.  Voltage  screening  of  gate  oxide  for  large-area  capacitors  using 
a  sacrificial  metallization  completely  eliminated  the  infant  mortality 
portion  of  the  defective  population.  The  cumulative  percent  failure  of  gate 
oxide  for  large-area  capacitors  was  decreased  from  4.8%  to  <1%.  A  closer 
examination  of  the  1%  of  the  capacitors  that  failed  after  in-process 
screening  revealed  that  their  breakdown  voltages  were  very  close  to  the 
screening  voltages  used  which  were  quite  high  (17.2V  for  capacitors  on  n- 
well  and  -17.5  V  for  capacitors  on  p-well,  respectively)  and,  therefore, 
represented  units  that  would  function  satisfactorily  in  field  usage  [56]. 


Time-to-failure  (sec) 


Figure  13.  Measured  TDDB  distributions  at  125°C  and  /Vtl  =  22.5V 
for  polysilicon  capacitors  on  wafers  C5  and  C6. 
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Figure  14.  The  TDDB  distributions  derived  from  VROB  distributions 
at  125  °C  for  wafers  C3  and  C4. 


Results  of  delay-line  functionality  tests  for  the  GEM  lot  with  140 A  gate 
oxide  are  summarized  in  Table  8.  Analysis  of  the  device  functionality  test 
results  showed  that  there  was  no  adverse  effect  on  circuit  yield  due  to 
patterning  and  removal  of  the  sacrificial  metallization  (the  results  of  the 
second  lot  actually  indicated  an  improvement,  but  the  combined  results  of  the 
two  lots  showed  that  the  delay-line  circuit  yield  with  the  extra  processing 
steps  was  4. 3+ 1.1%  as  compared  to  4.4+ 1.4%  for  the  controls),  and  that  voltage 
screening  of  the  gate  oxides  for  the  101 -stage  delay  lines  using  sacrificial 
metallization  decreased  the  cumulative  percent  failure  from  3.C%  to  1.7%. 

This  result,  as  in  the  first  lot  of  GEM  wafers  with  250A  gate  oxide,  indicated 
the  existence  of  other  factors  not  addressed  by  gate  oxide  screening. 

Tables  9  and  10  show  the  results  of  WAT  tests  for  the  second  lot  of 
GEM  wafers.  The  metal-polysilicon  contact  resistances  for  2  pm  x  2  pm 
openings  were  8.28  ±  0.51  ohms  for  control  wafers  and  8.23  +.  0.30  ohms 
for  test  wafers  which  were  re-metallized  after  the  wet  etching  and 
removal  of  the  sacrificial  metallization  pattern.  For  3  pm  x  3  pm  openings, 
the  contact  resistances  were  5.09  ±  0.36  ohms  for  control  wafers  and  4.93 
+.  0.22  ohms  for  test  wafers,  respectively.  Again,  no  adverse  effect  was 
found  on  the  metal-polysilicon  contact  resistance  due  to  patterning  and 
removal  of  the  sacrificial  metallization  used  to  voltage  screen  gate  oxides. 
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Table  7.  Results  of  VROB  tests  for  large-area  capacitors  with 

150A  oxide  layers. 


Wafers 

Units 

tested 

Units 

failed 

Percentage 

failure 

C1,C2,C'3,C4 

250 

12 

4.8±1.4% 

KT,K'2,K'3,K'4,K'5,K'6 

383 

17 

4.4±1.1% 

TT,T,2,T,3,T,4,T,5,T,6 

365 

3 

0.8±0.5% 

Table  8.  Results  of  Metal-1  Delay  Line  functionality  tests  for 

devices  with  150A  gate  oxides. 


Wafers 

Units 

tested 

Units 

failed 

Percentage 

failure 

C1,C2,C3,C'4,C5,C6 

184 

7 

3. 8+1. 4% 

KT,K,2,K'3,K'4,K,5,K,6 

174 

3 

1. 7+1.0% 

TT,T2,T3,T4,T5,T6 

182 

4 

2.2±2.0% 

Figure  15  shows  the  measured  constant  voltage  TDDB  distributions  at 
125°C  for  large-area  capacitors  on  wafers  C'5  and  C'6.  Quite  similar  TDDB 
distributions  are  derived  from  VROB  distributions  for  wafers  C’2  and  C'4  in 
the  same  control  group  and  these  are  shown  in  Fig.  16.  In  particular,  both 
methods  of  measurement  give  similar  percentage  of  defective  populations 
and  similar  order  of  magnitude  for  time-to-failures  for  similar  wafers. 

This  correlation  between  TDDB  measurements  and  VROB  measurements 
allows  us  to  use  the  VROB  tests  as  reliability  life  tests  for  thin  oxide  layers, 
as  stipulated  by  the  reciprocal  field  model  for  oxide  breakdowns. 
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Table  9.  The  WAT  test  results  on  control  wafer  C'5  (Wafer  No 
25)  after  First-Level  Metallization. 


Table  10.  The  WAT  test  results  on  test  wafer  T'7  (Wafer  No.40) 
after  wet-etching  removal  of  Sacrificial  Metallization  and  re¬ 
metallization  with  First-Level  Metallization. 


NMOS 

PMOS 

NPN 

ZENER 

N-Plus 

P-Plus 

WAT  PARAMETER 

SPEC 

m 

MEDIAN 

MEAN 

SIGMA 

MIN 

MAX 

Gate  Leakage 

<  100  pA 

32 

28 

-5.00E-12 

-5.32E-12 

7.23E-13 

-6  00E-12 

-5.00E-12 

Idleak  @Vds  =  5V 

<  100  pA 

32 

29 

2.30E-1 1 

2.38E-1 1 

3.71E-12 

2.20E-1 1 

2.70E-1 1 

Idrive  W  =  10-m 

>  3.0  mA 

□ 

EH 

3.06E-03 

3.03E-03 

1.49E-04 

2.95E-03 

3.14P03 

Vtn 

0.5  +/-0.2 

eh 

m 

0.49 

0.49 

0.01 

048 

0494 

BVds  @10- A 

>  12.0  V 

B 

ESI 

13  28 

12.78 

1.17 

11.86 

13.760 

Gate  Leakage 

>-100  pA 

ESI 

m 

-8.00E-12 

-8.00E-12 

0.00E+00 

-8  00E-12 

800E-12 

Idleak  @Vds  =  -5V 

>  -100  pA 

32 

30 

-1.40E-11 

-1.61  E-11 

3.87E-12 

-1.80E-11 

-1.30E-1 1 

Idrive  W  =  20*m 

<  -2.0  mA 

32 

31 

-2.30E-03 

-2.33E-03 

1.29E-04 

-2.44E03 

-2.22E-03 

Vtp 

-1.0  +/-0.2 

EH 

EH 

-0.96 

-0.95 

0.03 

-0  98 

-0.917 

BVsd  @10* A 

< -12.0  V 

eh 

Q 

-12.17 

-12.16 

0.06 

-12.21 

-12  130 

BVceo 

>  12.0  V 

EH 

EH 

12.31 

9.82 

4.65 

724 

13.810 

Beta  @lc  =  50*A 

Beta  >  50 

eh 

eh 

90.12 

89.27 

1683 

79.04 

100800 

Beta  @lc  =  1mA 

Beta  >  40 

□ 

EH 

82.99 

81.87 

14.15 

72.31 

91.500 

Vbkdn  @1.0*  A 

6.0  +/-0.3 

eh 

EH 

5.875 

5.873 

0023 

5855 

5.892 

Vbkdn  @1 .0mA 

6.0  +/-0.3 

E3 

EH 

6070 

6.078 

0.026 

6057 

6  096 

N-Plus  Rc  2.0-m 

<  40 

eh 

EH 

42.75 

43.41 

2.37 

4200 

45.130 

N-Plus  Rc  3.0-m 

<  30 

EH 

22.00 

22.12 

1.14 

21.25 

23  000 

N-Plus  Rs  (ohms/sq 

34  +/-  5 

eh 

31.79 

31.76 

0.17 

31  65 

31  850 

P-Plus  Rc  2.0*m 

<  30 

E3 

EH 

18.00 

18.03 

055 

17.50 

18  500 

P-Plus  Rc  3.0-m 

<  20 

(32 

31 

11.75 

11.76 

0.41 

11  50 

12000 

POLY 

P-Base 

P-Plus  Rs  (ohms/sq 

75  +/-10 

EH 

70.77 

70.57 

099 

70  00 

71  380 

Poly  Rc  2.0-m 

<  10 

E3 

m 

8.00 

8.23 

030 

800 

8  500 

Poly  Rc  3.0-m 

<  5 

PI 

EH 

5.00 

4.93 

022 

4.75 

5.000 

Poly  Rc  (ohms/sq) 

16.5  +/-2.5 

E3 

EH 

16.54 

16.46 

0.53 

1607 

16.910 

P-Base  Rs  (ohms/sq! 

700  +/-50 

eh 

m 

668.50 

659.50 

19.85 

647  20 

674,500 

45 


Figure  15.  Measured  TDDB  distributions  at  125  °C  for  polysilicon 
capacitors  on  wafers  C’5  and  C'6. 


Figure  16.  The  TDDB  distributions  derived  from  VROB  distributions 
at  125  °C  for  wafers  C'2  and  C'4. 
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5.5  Failure  Analysis 

Failure  analysis  was  performed  on  failed  devices  and  circuits  to 
determine  the  location  and  type  of  failure  mechanism.  In  most  cases,  device 
or  circuit  failure  could  be  obviously  attributed  to  causes  other  than  gate 
oxide  failures,  such  as  photolithographic  problems  for  units  at  the  edge  of 
the  wafers,  metallization  or  etching  problems,  and  scratches.  These  devices 
or  circuits  were  not  counted.  Failed  devices  and  circuits  that  passed 
cosmetic  inspection  under  a  Normaski  microscope  were  then  subjected  to 
more  analysis  by  selectively  removing  the  A1  metallization  in  H3PO4  at  70°C, 
and  the  polysilicon  layer  in  aqueous  HF-HNO3  (1:100)  solution  and  etching 
the  samples  in  aqueous  sodium  metasilicate  at  70°C  to  reveal  pinholes  in  the 
gate  oxide  and/or  in  "Wright"  etch  to  reveal  any  defects  in  the  silicon 
substrate.  Since  all  polysilicon  capacitors  were  ramp-voltage  tested  to 
failure  before  the  failure  analysis,  all  capacitors  showed  what  appeared  to 
be  a  short,  as  shown  in  Fig.  17  which  is  a  scanning  electron  microscopy 
(SEM)  photograph  of  a  defect  in  the  capacitor  on  die  T4-1.  Thus,  failure 
analysis  performed  on  failed  capacitors  had  only  very  limited  values  since 
one  could  not  be  certain  whether  or  not  the  observed  defect  was  what 
actually  caused  the  pre  mature  dielectric  breakdown.  The  delay  lines, 
however,  were  not  voltage-ramped  to  failure,  and  the  failure  analysis  used 
was  very  successful  in  identifying  those  units  that  failed  functionality  test 
because  of  gate  oxide  defects.  Two  examples  are  shown  in  Figs.  18  and  19 
which  are  SEM  photographs  of  shorted  gates  on  control  wafer  Kl. 

As  with  the  first  lot  of  GEM  test  wafers,  failure  analysis  was 
performed  on  failed  devices  and  circuits  to  determine  the  location  and 
type  of  failure  mechanisms  to  eliminate  from  the  final  analysis  those 
failures  that  obviously  were  not  related  to  gate  oxide  failures,  and 
probable  failure  sites  were  located  on  8  of  the  17  capacitors  and  on  all  8 
delay-line  structures  examined. 
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Figure  17.  An  SEM  photograph  showing  location  of  a  defect  in 
capacitor  dielectric  on  die  T4-1. 


Figure  18.  An  SEM  photograph  showing  shorted  gate  on  die  Kl-25. 
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6.  CONCLUSIONS 


Time-dependent  dielectric  breakdown  of  gate  oxide  is  one  of  the 
principal  failure  mechanisms  of  MOS  ICs,  and  voltage  stressing  of 
completed  devices  to  screen  oxide  defects  is  ineffective  with  high-density 
MOS  ICs  due  to  the  limitation  in  the  voltage  that  can  be  applied  to  all  the 
gates  and  the  inability  to  stress  all  oxides  equally. 

Through  a  literature  search  of  approximately  200  references,  the 
sacrificial  metal  pattern  technique  is  found  to  be  the  best  approach  to  100% 
in-process  oxide  reliability  screening  since  it  can  be  applied  near  the  end  in 
the  wafer  process  sequence,  after  all  high-temperature  processing  steps,  ion 
implantations  and  most,  if  not  all,  of  plasma  etching  steps.  The  sacrificial 
metal  pattern  technique  for  in-process  oxide  screening  gives  100%  coverage 
and  even  oxide  stressing  with  little  or  no  adverse  effect  on  circuit  perform¬ 
ance.  It  is  also  simple  to  implement  in  bulk  CMOS  and  CMOS-on-insulator 
technologies,  with  little  or  no  penalty  for  modified  contact  and  via  layout. 

Using  large-area  polysilicon  capacitors  and  101 -stage  metal-1  delay¬ 
lines  in  the  GEM  WAT  keys  as  test  vehicles,  experiments  with  split  lot 
reliability  screening  and  life  test  were  performed,  first  with  240A  gate  oxide 
and  then  again  with  150  A  gate  oxide,  having  demonstrated  the 
effectiveness  of  in-process  screening  using  the  sacrificial  metal  pattern 
technique,  which  results  in  practically  complete  elimination  of  the  defective 
population  for  the  large-area  test  capacitors  and  about  a  factor  of  two 
reduction  in  circuit  functionality  failures  for  the  delay-line  circuits.  The 
finding  that  in  both  test  lots  not  all  of  the  delay-line  circuit  defective 
populations  are  eliminated  strongly  indicates  the  existence  of  other  factors 
that  are  not  addressed  by  gate  oxide  screening.  The  extra  cost  of  the 
method  is  the  added  process  steps  in  the  deposition  and  patterning  of  the 
sacrificial  metal  layer  and  its  removal  by  wet-etching  after  voltage 
screening.  Experimental  results  of  the  two  test  lots,  however,  show  that 
there  is  little  or  no  degradation  in  circuit  performance;  namely,  there  does 
not  appear  to  be  any  penalty  in  metal-polysilicon  contact  resistance  due  to 
wet-etching  of  the  sacrificial  metallization  followed  by  re-metallization  and 
alloying,  and  that  there  is  no  difference,  within  statistical  error,  in  the 
delay-line  circuit  yield  with  the  extra  processing  steps  for  the  sacrificial 
metallization. 

These  results  show  that  use  of  the  sacrificial  metal  pattern  for  in- 
process  oxide  screening  is  a  promising  technique  in  high-density  ICs.  Further 
study,  with  larger  number  of  samples  for  better  statistics,  to  investigate  the 
effects  of  voltage-accelerated  screening  and  testing  on  more  complex  test 
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circuits  involving  finer  geometries  and  double-level  metallization  is 
recommended  before  practical  implementation. 
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Title:  Quest  for  an  NDT  method  to  detect  marginal  ESD  damage  to  ICs 
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Author ( s) :  Yates,  R.3.;  Edwards,  I.M. 

Author  Affiliation:  Sch.  of  Eng.  Inf.  Technol.,  Sheffield  City  Polytech., 
UK 

Conference  Title:  IEE  Colloquium  on  ' NDT  Evaluation  of  Electronic 
Components  and  Assemblies'  (Digest  No. 094)  p.4/1-4 

Publisher:  IEE,  London,  UK 

Publication  Date:  1990  Country  of  Publication:  UK  40  pp. 

Conference  Sponsor:  IEE 

Conference  Date:  30  May  1990  Conference  Location:  London,  UK 


1/3/11 

03720226  INSPEC  Abstract  Number:  B90061305 

Title:  Slow  transient  voltage  and  ESD  breakdown  in  unprotected  MOS  gate 

oxides 

Author(s):  Tunnicliffe,  M.J.;  Dwyer,  V.M. ;  Campbell,  D.S. 

Author  Affiliation:  Dept,  of  Electron.  &  Electr.  Eng.,  Loughborough  Univ. 
of  Technol.,  UK 

Conference  Title:  Components  Engineering,  Reliability  and  Test 

Conference.  CERT  '90  p.78-87 

Publisher:  Electron.  Components  Inst,  Crowborough,  UK 
Publication  Date:  1990  Country  of  Publication:  UK  vii+246  pp. 
Conference  Sponsor:  Electron.  Components  Inst 

Conference  Date:  9-11  May  1990  Conference  Location:  Gatwick  Airoort, 
UK 


1/3/12 

03719516  INSPEC  Abstract  Number:  B90061855,  C90059779 
Title*  Reliability  issues  of  MOS  and  bipolar  ICs 
Author (s) :  Hu,  C. 

Author  Affiliation:  Dept,  of  Electr.  Eng.  &  Comput.  Sci.,  California 
Univ.,  Berkeley,  CA,  USA 

Conference  Title:  Proceedings.  1989  IEEE  International  Conference  on 
CumDuter  Design:  VLSI  in  Computers  and  Processors  (Cat.  No. 89CH2794-S) 
p. 4*38-42 

Publisher:  IEEE  Comput.  Soc.  Press,  Washington,  DC,  USA 
Publication  Date:  1989  Country  of  Publication:  USA  xvii+587  po. 
ISBN:  0  8186  1971  6 

U.S.  Copyright  Clearance  Center  Code:  CH2794-6/89/0000-0438$01 . 00 
Conference  Sponsor:  IEEE 

Conference  Date:  2-4  Oct.  1989  Conference  Location:  Cambridge,  MA,  USA 


1/3/13 

03696230  INSPEC  Abstract  Number:  B90055664 
Title:  Gate  oxide  breakdown  in  a  SOI  CMOS  process  using  mesa  isolation 
Author ( s) :  Haond,  M. ;  Le  Neel,  0.;  Mascarin,  G. ;  Gonchond,  J.P. 

Author  Affiliation:  CNET,  Meylan,  France 

Conference  Title:  ESSDERC  '89.  19th  European  Solid  State  Devices  Research 
Conference  p.893-6 

Editor(s) :  Heuberger,  A.;  Ryssel,  H. ;  Lange,  P. 

Publisher:  Springer-Verlag,  Berlin,  West  Germany 

Publication  Date:  1989  Country  of  Publication:  West  Germany  xxv-^963 


pp. 

ISBN:  3  540  51000  1 

Conference  Date:  11-14  Sept.  1989  Conference  Location:  Berlin,  West 
Germany 


1/3/14 
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03696218  INSPEC  Abstract  Number:  B90055331 
Title:  Gate  oxide  reliability  in  a  sealed  interface  local  oxidation  scheme 
Author (s) :  Voors,  I.J.;  Osinski,  K. ;  Vollebregt,  F.H.A.;  Seams,  C.A. 
Author  Affiliation:  Philips  Res.  Lab.,  Eindhoven,  Netherlands 
Conference  Title:  ESSDERC  '89.  19th  European  Solid  State  Devices  Research 
Conference  p.361-5 

Editor(s):  Heuberger,  A.;  Ryssel,  H.;  Lange,  P. 

Publisher:  Springer-Verlag,  Berlin,  West  Germany 

Publication  Date:  1989  Country  of  Publication:  West  Germany  xxv-962 
pp. 

IS3N :  3  540  51000  1 

Conference  Date:  11-14  Sept.  1989  Conference  Location:  Berlin,  West 
Germany 

1/3/15 

03696209  INSPEC  Abstract  Number:  B90055326 
Title:  The  imoact  of  metal  contamination  on  the  cruality  of  thermal  SiO/sub 
2/ 

Author(s):  Wendt,  H. ;  Cerva,  H. 

Author  Affiliation:  Siemens  AG,  Munchen,  West  Germany 

Conference  Title:  ESSDERC  '89.  19th  European  Solid  State  Devices  Research 
Conference  p.306-9 

Editor(s) :  Heuberger,  A.;  Ryssel,  H. ;  Lange,  P. 

Publisher:  Springer-Verlag,  Berlin,  West  Germany 

Publication  bate:  1989  Country  of  Publication:  West  Germany  xxv-963 
pp. 

ISBN:  3  540  51000  1 

Conference  Date:  11-14  Sept.  1989  Conference  Location:  Berlin,  West 
Germany 

1/3/16 

03691848  INSPEC  Abstract  Number:  B90054624 
Title:  Tunnel-oxide  breakdown  characteristics  of  floating-gate-type  ZEPROM 
Author (s) :  Sato,  K. ;  Fukuzaki,  Y.;  Hatakeyama,  S.;  Ikeda,  N. 

Author  Affiliation:  Kyoto  Res.  Lab.,  Matsushita  Electron.  Corp. ,  Kyoto, 
Japan 

Journal:  Electronics  and  Communications  in  Japan,  Part  2  (Electronics) 
vol.72,  no. 10  p.1-8 

Publication  Date:  Oct.  1989  Country  of  Publication:  USA 
CODEN:  ECJEEJ  ISSN:  8756-663X 

U.S.  Copyright  Clearance  Center  Code:  S756-663X/89/0009-0001$7 . 50/0 
1/3/17 

03678049  INSPEC  Abstract  Number:  B90050199 

Title:  Impact  of  oxide  thinning  at  the  LOCOS  edge  of  MOS  capacitors  or. 

constant  current  stress 

Author ( s) :  Kerber,  M. ;  Zeller,  Ch. 

Author  Affiliation:  Siemens  AG,  Munich,  West  Germany 

Conference  Title:  ESSDERC  '89.  19th  European  Solid  State  Devices  Research 
Conference  p.139-42 

Editor(s):  Heuberger,  A.;  Ryssel,  H. ;  Lange,  P. 

Publisher:  Springer-Verlag,  Berlin,  West  Germany 

Publication  bate:  1989  Country  of  Publication:  West  Germany  xxv-963 

pp. 

ISBN:  3  540  51000  1 

Conference  Date:  11-14  Sept.  1989  Conference  Location:  Berlin,  West 
Germany 
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03677950  INSPEC  Abstract  Number:  B90049754 

Title:  Degradation  of  gate  oxide  breakdown  characteristics  by 

electrostatic  and  radiation  damage  during  plasma  processing 
Author ( s) :  Wu,  I.-W.;  Bruce,  R.H.;  Koyanagi,  M. ;  Huang,  T.Y. 

Author  Affiliation:  Xerox  Palo  Alto  Res.  Center,  CA,  USA 

Conference  Title:  1989  International  Symposium  on  VLSI  Technology, 
Systems  and  Applications.  Proceedings  of  Technical  Papers  (Cat. 
No. 89CH2631-0)  p.222-6 

Publisher:  IEEE,  New  York,  NY,  USA 

Publication  Date:  1989  Country  of  Publication:  USA  x+393  pp. 
Conference  Sponsor:  IEEE;  Nat.  Sci.  Council;  Ind.  Technol.  Res.  Inst 
Conference  Date:  17-19  May  1989  Conference  Location:  Taipei,  Taiwan 

1/3/19 

03677286  INSPEC  Abstract  Number:  B90050156 
Title:  CMOS  devices  fabricated  in  thin  epitaxial  silicon  on  oxide 
Author (s) :  Leung,  D.L.;  Cole,  R.C.;  Cobert,  D.M.;  Knudsen,  J.F.;  Hurrell, 
J.P.;  Mayer,  D.C.;  Newman,  R. 

Author  Affiliation:  Aerosp.  Corp.,  El  Segundo,  CA,  USA 

Conference  Title:  1989  IEEE  SOS/SOI  Technology  Conference  (Cat. 

No. 89CH2796-1)  p.74-5 

Publisher:  IEEE,  New  York,  NY,  USA 

Publication  Date:  1989  Country  of  Publication:  USA  v+178  pp. 
Conference  Sponsor:  IEEE 

Conference  Date:  3-5  Oct.  1989  Conference  Location:  Stateline,  NV,  USA 
1/3/20 

03677283  INSPEC  Abstract  Number:  B90050154 
Title:  Gate  oxide  breakdown  behaviour  in  a  mesa  SOI  CMOS  process 
Author (s )  :  Haond,  M.  ;  Le  Neel,  0.;  Mascarin,  G.  ;  Gonchor.d,  J.P. 

Author  Affiliation:  CNET,  Meylan,  France 

Conference  Title:  1989  IEEE  SOS/SOI  Technology  Conference  (Cat. 

No . 89CH2796-1)  p.68-9 

Publisher:  IEEE,  New  York,  NY,  USA 

Publication  Date:  1989  Country  of  Publication:  USA  v+178  pp. 
Conference  Sponsor:  IEEE 

Conference  Date:  3-5  Oct.  1989  Conference  Location:  Stateline,  NV,  USA 
1/3/21 

03660741  INSPEC  Abstract  Number:  B90043774 
Title:  Defect  control  in  silicon  crystals 
Author (s) :  Matsushita,  Y. 

Author  Affiliation:  Toshiba  Corp.,  Kawasaki,  Japan 

Conference  Title:  1989  Symposium  on  VLSI  Technology.  Digest  of  Technical 
Papers  (Cat.  No.89CH2694-8)  p.5-8 

Publisher:  Business  Center  for  Acad.  Soc.  Japan,  Tokyo,  Japan 
Publication  Date:  1989  Country  of  Publication:  Japan  xiii+107  pp. 
Conference  Sponsor:  IEEE;  Japan  Soc.  Appl.  Phys 

Conference  Date:  22-25  May  1989  Conference  Location:  Kyoto,  Japan 
1/3/22 

03608387  INSPEC  Abstract  Number:  B90028282 
Title:  In-situ  processing  using  rapid  thermal  chemical  vapor  deposition 
Author (s) :  Murali,  V.;  Wu,  A.T.;  Dass,  L. ;  Frost,  M.R. ;  Fraser,'  D. B.  ; 
Liao,  J.;  Crowley,  J. 
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p. 731-6 


Author  Affiliation:  Intel  Corp.,  Santa  Clara,  CA,  USA 
Journal:  Journal  of  Electronic  Materials  vol.18,  no. 6 
Publication  Date:  Nov.  1989  Country  of  Publication:  USA 
CODEN:  JECMA5  ISSN:  0361-5235 

U.S.  Copyright  Clearance  Center  Code:  0361-5235/39/1401-73 1$05 . 00 

1/3/23 

03607430  INSPEC  Abstract  Number:  A90062514,  B90028354 
Title:  Charge  trapping  in  dielectrics  grown  on  polycrystalline  silicon 
Author ( s) :  Liang,  M.-S.;  Radjy,  N. ;  Cox,  W. ;  Cagnina,  S. 

Author  Affiliation:  Adv.  Micro  Devices,  Sunnyvale,  CA,  USA 
Journal:  Journal  of  the  Electrochemical  Society  vol.136,  no. 12  p. 

3786-90 

Publication  Date:  Dec.  1989  Country  of  Publication:  USA 
CODEN:  JESOAN  ISSN:  0013-4651 

1/3/24 

03585162  INSPEC  Abstract  Number:  B90022124 
Title:  Defect-related  gate  oxide  breakdown 
Author ( s) :  Bergholz,  W.  ;  Mohr,  W. ;  Drewes,  W. ;  Wendt,  H. 

Author  Affiliation:  Siemens  AG,  Semiconductor  Div. ,  Munich,  West  Germany 

Journal:  Materials  Science  &  Engineering  B  (Solid-State  Materials  for 

Advanced  Technology)  vol.B4,  no. 1-4  p.359-66 

Publication  Date:  Oct.  1989  Country  of  Publication:  Switzerland 
ISSN:  0921-5107 

U.S.  Copyright  Clearance  Center  Code:  0921-5107/39/$3 . 50 

Conference  Title:  Symposium  B  on  Science  and  Technology  of  Defects  in 
Silicon  of  the  E-MRS  Meeting 

Conference  Date:  30  May-2  June  1989  Conference  Location:  Strasbourg, 
France 

1/3/25 

03584981  INSPEC  Abstract  Number:  B90022125 

Title:  Gate  oxide  breakdown  statistics  in  wearout  tests  of 

metal-oxide-semiconductor  structures 

Author (s) :  Sune,  J. ;  Placencia,  I.;  Farres,  E. ;  Barniol,  N.  ;  Martin,  F.  ; 
Aymerich,  X. 

Auzhor  Affiliation:  Dept,  de  Fisica,  Univ.  Autonoma  de  Barcelona,  Spain 
Journal:  Microelectronics  Journal  vol.20,  no. 6  p.27-39 

Publication  Date:  Nov. -Dec.  1989  Country  of  Publication:  UK 
CODEN:  MICEB9  ISSN:  0026-2692 

1/3/26 

03584980  INSPEC  Abstract  Number:  B90022102 
Title:  Investigation  of  gate  oxide  breakdown  in  CMOS  integrated  circuits 
Author (s) :  Pesic,  B.;  Dimitrijev,  S.;  Stojadinovic,  N. 

Author  Affiliation:  Fac.  of  Electron.  Eng.,  Nis  Univ.,  Yugoslavia 
Journal:  Microelectronics  Journal  vol.20,  no. 6  p.19-26 

Publication  Date:  Nov. -Dec.  1989  Country  of  Publication:  UK 
CODEN:  MICEa9  ISSN:  0026-2692 

1/3/27 

03582966  INSPEC  Abstract  Number:  A90040923,  B90021609 

Title:  The  effect  of  aluminum  gate  thickness  on  charge  trapping  in 

metal -oxide-semi conductor  devices 
Author (s) :  Berger,  M. ;  Avni,  E.; 


Shappir,  J. 


Author  Affiliation:  Sch.  of  Appl .  Sci.  &  Technol . ,  Hebrew  Univ.  of 
Jerusalem,  Israel 

Journal:  Journal  of  Applied  Physics  vol.66,  no. 10  p.4821-6 

Publication  Date:  15  Nov.  1989  Country  of  Publication:  USA 
CODEN:  JAPIAU  ISSN:  0021-8979 

U.S.  Copyright  Clearance  Center  Code:  0021-3979/89/224321-06$02 . 40 
1/3/28 

03573045  INSPEC  Abstract  Number:  A90041471 
Title:  Effect  of  oxidation-induced  stacking  faults  on  dielectric  breakdown 
characteristics  of  thermal  silicon  dioxide 

Author (s) :  Shirai,  H. ;  Kanaya,  K. ;  Yamaguchi,  A.;  Shimura,  F. 

Author  Affiliation:  Huels  Japan  Ltd.,  Utsunomiya,  Japan 
Journal:  Journal  of  Applied  Physics  vol.66,  no. 11  p.5651-3 

Publication  Date:  1  Dec.  1989  Country  of  Publication:  USA 
CODEN:  JAPIAU  ISSN:  0021-8979 

U.S.  Copyright  Clearance  Center  Code:  0021-8979/39/235651-03$02 . 40 
1/3/29 

03571827  INSPEC  Abstract  Number:  A90042218 

Title:  A  method  for  high  sensitivity  deuterium  measurements  by  means  of 

the  D(/sup  3/He,p)/sup  4/He  reaction  and  its  applications 

Author (s) :  Qi  Oiu;  Arai,  E.;  Aratani,  M. ;  Yanokura,  M. ;  Nozaki,  T. ;  Ohji, 
Y . ;  Imura ,  R . 

Author  Affiliation:  Tokyo  Inst,  of  Technol.,  Japan 

Journal:  Nuclear  Instruments  &  Methods  in  Physics  Research,  Section  B 

(Beam  Interactions  with  Materials  and  Atoms)  vol.B44,  no. 2  p. 179-83 
Publication  Date:  Dec.  1989  Country  of  Publication:  Netherlands 
CODEN:  NIMBEU  ISSN:  0168-583X 

U.S.  Copyright  Clearance  Center  Code:  0168-583X/89/S03 . 50 
1/3/30 

03569053  INSPEC  Abstract  Number:  A90028626,  B90014909 

Title:  Gate  oxide  breakdown  statistics  in  constant-current  stressed  MOS 

devices 

Author ( s) :  Sune,  J.  ;  Placencia,  I.;  Farres,  E.;  Barniol,  N.  ;  Aymerich,  X. 
Author  Affiliation:  Dept,  de  Fisica,  Univ.  Autonoma  de  Barcelona,  Spain 
Conference  Title:  17th  Yugoslav  Conference  on  Microelectronics. 

Proceedings  p.839-44  vol.2 

Publisher:  Elsevier  Adv.  Technol,  Oxford,  UK 

Publication  Date:  1989  Country  of  Publication:  UK  2  vol.  982  pp. 
ISBN:  0  948577  33  9 

Conference  Sponsor:  Electron.  Ind.  Nis;  Federal  Assoc.  Republic  Sci. 
Councils;  et  al 

Conference  Date:  9-11  May  1989  Conference  Location:  Nis,  Yugoslavia 
1/3/31 

03569013  INSPEC  Abstract  Number:  B90015191 
Title:  Oxide  reliability  in  tungsten  polycide  gate  electrode 
Author (s):  Kurachi ,  I.;  Yanai,  T. ;  Yoshioka,  K. 

Author  Affiliation:  Oki  Electr.  Ind.  Co.  Ltd.,  Tokyo,  Japan 
Conference  Title:  1989  Proceedings.  Sixth  International  IEEE  VLSI 
Multilevel  Interconnection  Conference  (Cat.  No. 89TH0259-2)  p.505 

Publisher:  IEEE,  New  York,  NY,  USA 

Publication  Date:  1989  Country  of  Publication:  USA  508  pp. 

U.S.  Copyright  Clearance  Center  Code:  TH-0259-2/89/0000-0505$01 . 00 
Conference  Sponsor:  IEEE 
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Conference  Date:  12-13  June  1989  Conference  Location:  Santa  Clara,  CA, 
USA 

1/3/32 

03524757  INSPEC  Abstract  Number:  B90001618 

Title:  A  new  insight  into  the  p-n  junction  characteristics  of  ULSI-the 

time  dependent  junction  breakdown  (TDJB) 

Author(s):  Matsuoka,  H.;  Hisamoto,  D.  ;  Izawa,  R. ;  Takeda,  E. 

Author  Affiliation:  Central  Res.  Lab.,  Hitachi  Ltd.,  Tokyo,  Japan 
Conference  Title:  Extended  Abstracts  of  the  21st  Conference  on  Solid 
State  Devices  and  Materials  p. 129-32 

Publisher:  Bus.  Center  for  Acad.  Soc.  Japan,  Tokyo,  Japan 
Publication  Date:  1989  Country  of  Publication:  Japan  viii+604  po. 
ISBN:  4  930813  35  2 

Conference  Sponsor:  Japan  Soc.  Appl.  Phys 

Conference  Date:  28-30  Aug.  1989  Conference  Location:  Tokyo,  Japan 
1/3/33 

03505591  INSPEC  Abstract  Number:  B89075986 

Title:  Novel  test  structure  to  study  location  of  breakdown  for  trench 

capacitor 

Author(s):  Kishi,  K.  ;  Yoshida,  T.;  Watanabe,  T. ;  Tanaka,  T. ;  Shinozaki, 

S. 

Author  Affiliation:  Toshiba  Corp.,  Kawasaki,  Japan 

Conference  Title:  ICMTS  1989.  Proceedings  of  the  1989  International 
Conference  on  Microelectronic  Test  Structures  (Cat.  No. 89CH2693-0)  p. 
245-50 

Publisher:  IEEE,  New  York,  NY,  USA 

Publication  Date:  1989  Country  of  Publication:  USA  xii+265  pp. 

ISBN:  0  87942  714  0 

U.S.  Copyright  Clearance  Center  Code:  CH2693-0/89/0000-245$01 . 00 
Conference  Sponsor:  IEEE;  IEE 

Conference  Date:  13-14  March  1989  Conference  Location:  Edinburgh,  UK 
1/3/34 

03505565  INSPEC  Abstract  Number:  B89075757 

Title:  Evaluation  technique  of  gate  oxide  reliability  with  electrical  and 
optical  measurements 

Author (s) :  Uraoka,  Y. ;  Tsutsu,  N. ;  Morii,  T. ;  Nakata,  Y. ;  Esaki,  H. 

Author  Affiliation:  Matsushita  Electr.  Ind.  Co.,  Ltd.,  Osaka,  Japan 
Conference  Title:  ICMTS  1989.  Proceedings  of  the  1989  International 
Conference  on  Microelectronic  Test  Structures  (Cat.  No. 89CH2693-0)  p. 
97-102 

Publisher:  IEEE,  New  York,  NY,  USA 

Publication  Date:  1989  Country  of  Publication:  USA  xii+265  pp. 

ISBN:  0  87942  714  0 

U.S.  Copyright  Clearance  Center  Code:  CH2693-0/S9/0000-097$01 . 00 
Conference  Sponsor:  IEEE;  IEE 

Conference  Date:  13-14  March  1989  Conference  Location:  Edinburgh,  UK 
1/3/35 

03500747  INSPEC  Abstract  Number:  A89137476,  B89075737 

Title:  Electrical  evaluation  of  wet  and  dry  cleaning  procedures  for 

silicon  device  fabrication 

Author (s) :  Ruzyllo,  J.;  Hoff,  A.M.;  Frystak,  D.C.;  Hossain,  S.D. 

Author  Affiliation:  Dept.  of  Electr.  Eng.,  Pennsylvania  State  Univ. , 
University  Park,.  PA,  USA 
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Journal:  Journal  of  the  Electrochemical  Society  vol.136,  no. 5  p. 

1474-6 

Publication  Date:  May  1989  Country  of  Publication:  USA 
CODEN:  JESOAN  ISSN:  0013-4651 

1/3/36 

03499819  INSPEC  Abstract  Number:  B39075726 

Title:  A  study  of  contamination  and  damage  on  Si  surfaces  induced  by  dry 

etching 

Author (s) :  Moghadam,  F.K.;  Mu,  X.-C. 

Author  Affiliation:  Intel  Corp.,  Santa  Clara,  CA,  USA 
Journal:  IEEE  Transactions  on  Electron  Devices  vol.36,  no. 9,  pt.l 
p . 1602-9 

Publication  Date:  Sept.  1989  Country  of  Publication:  USA 
CODEN:  IETDAI  ISSN:  0018-9383 

U.S.  Copyright  Clearance  Center  Code:  0018-9383/89/0900-1602$01. 00 
1/3/37 

03477980  INSPEC  Abstract  Number:  B89069203 
Title:  Breakdown  yield  and  lifetime  of  thin  gate  oxides  in  CMOS  processing 
Author (s) :  Wu,  I.-W.;  Koyanagi,  M. ;  Holland,  S.;  Huang,  T.Y.;  Mikkelsen, 
J.C.,  Jr.;  Bruce,  R.H. ;  Chiang,  A. 

Author  Affiliation:  Xerox  Palo  Alto  Res.  Center,  Electron.  &  Imaging 
Lab.,  CA,  USA 

Journal:  Journal  of  the  Electrochemical  Society  vol.136,  no. 6  p. 

1638-45 

Publication  Date:  June  1989  Country  of  Publication:  USA 
CODEN:  JESOAN  ISSN:  0013-4651 

1/3/38 

03462530  INSPEC  Abstract  Number:  B89061412 
Title:  Extensions  of  the  effective  thickness  theory  of  oxide  breakdown 
Author ( s) :  Coleman,  D.J.,  Jr.;  Hunter,  W.R.  ;  Brown,  G.A. ;  Chen,  I.-C. 
Author  Affiliation:  Texas  Instrum.,  Dallas,  TX,  USA 

Conference  Title:  27th  Annual  Proceedings.  Reliability  Physics  1989  (Cat. 
No. 89CH2650-0)  p.39-42 

Publisher:  IEEE,  New  York,  NY,  USA 

Publication  Date:  1989  Country  of  Publication:  USA  259  pp. 

U.S.  Copyright  Clearance  Center  Code:  CH2650-0/89/0000-0039$01. 00 
Conference  Sponsor:  IEEE 

Conference  Date:  11-13  April  1989  Conference  Location:  Phoenix,  AZ, 
USA 

1/3/39 

03462526  INSPEC  Abstract  Number:  B89061408 

Title:  Interface  degradation  and  dielectric  breakdown  of  thin  oxides  due 

to  homogeneous  charge  injection 

Author ( s) :  Kerber,  M. ;  Schwalke,  U. 

Author  Affiliation:  Siemens  AG,  Munich,  West  Germany 

Conference  Title:  27th  Annual  Proceedings.  Reliability  Physics  1989  (Cat. 
No. 89CH2 650-0)  p.17-21 
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L  Release  of  the  following  US  Air  Force  software  package  (canputa-  prograns,  systsns  descriptions, 
and  documentation)  is  requested: 

Program  for  VROB  Measurements  on  HP4062C 
Semiconductor  Parametric  Analyzer 

2.  The  requested  software  package  will  be  used  for  the  following  purpose: 


Such  use  is  projected  to  accrue  benefit  to  the  government  as  follows: 


3.  I/We  wi  1 1  be  responsible  for  assuring  that  the  software  package  received  wi  1 1  not  be  used  for 
aiy  purpose  otha*  than  shown  in  paragraph  2  above;  also,  it  will  not  be  released  to  anjone  without 
prior  approval  of  the  Air  Force.  Further,  the  release  of  the  requested  software  package  will  not 
result  in  canpetition  with  other  software  packages  offered  by  caimercial  firms. 

4.  I/We  guarantee  that  the  provided  software  package,  or  any  modified  version  thereof,  wil  1  not  be 
pub  I  ished  for  profit  or  in  any  manner  offered  for  sale  to  the  goverrment;  it  will  not  be  sold  or 
given  to  any  other  activity  or  firm,  without  the  prior  written  approval  of  the  Air  Force.  If  this 
software  is  modified  or  enhanced  using  goverrment  funds,  the  goverrment  owns  the  results,  wnether 
the  software  is  the  basis  of,  or  incidental  to  a  contract.  The  goverrment  may  not  pay  a  second  time 
for  this  software  or  the  enhanced  or  modified  version  thereof.  The  package  may  be  used  in  contract 
with  the  goverrment  but  no  charge  may  be  made  for  its  use. 

5.  The  US  Air  Force  is  neither  liable  nor  responsible  for  maintenance,  updating  or  correcting  any 
errors  in  the  software  provided. 

6.  I/We  understand  that  no  material  subject  to  national  defense  security  classification  or 
proprietary  rights  was  intended  to  be  released  to  us.  I/We  will  report  pronptly  the  discovery  of 
any  material  with  such  restrictions  to  the  Air  Force  approving  authority.  I/We  wi  1 1  fol  low  al  1 
instructions  concerning  the  use  or  return  of  such  material  in  accordance  with  regulations  aop lying 
to  classified  material ,  and  wi  1 1  make  no  further  study,  use,  or  copy  such  material  subject  to 
security  or  proprietary  rights  marking. 

7.  I/We  inda*stand  that  the  software  package  received  is  intended  for  donestic  use  only.  It  wi  1 1 
not  be  made  available  to  foreign  goverrments  nor  used  in  any  contract  with  a  foreign  govenmmt. 
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2.  The  requested  software  package  will  be  used  for  the  following  purpose: 


Such  use  is  projected  to  accrue  benefit  to  the  govemnent  as  follows: 


1  I/We  wil  1  be  responsible  for  assuring  that  the  software  package  received  wi  1 1  not  be  used  for 
any  purpose  othe-  than  shown  in  paragrapn  2  above;  also,  it  will  not  be  released  to  anyone  without 
prior  approval  of  the  Air  Force.  Further,  the  release  of  the  requested  software  package  wi  1 1  not 
result  in  conpetition  with  a  the-  software  packages  offered  by  cormercial  firms. 

4.  I  /'We  guarantee  that  the  provided  software  package,  or  any  modified  version  thereof,  wi  11  not  be 
published  for  profit  or  in  any  marine-  offered  for  sale  to  the  government;  it  will  not  be  sold  or 
given  to  any  other  activity  or  firm,  without  the  prior  written  approval  of  the  Air  Force.  If  this 
software  is  modified  or  enhanced  using  govemnent  funds,  the  govemnent  owns  the  results,  wnether 
the  software  is  the  basis  of,  or  incidental  to  a  contract.  The  government  may  not  pay  a  second  time 
for  this  software  or  the  enhanced  or  modified  version  thereof.  The  package  may  be  used  >n  centr  ic: 
with  the  govemnent  but  no  charge  may  be  made  for  its  use. 

5.  The  US  Air  Force  is  neither  liable  nor  responsible  for  maintenance,  updating  or  ccrrectirg  any 
errors  in  the  software  provided. 

6.  I/We  understand  that  no  material  subject  to  national  defense  security  classification  or 
proprietary  rights  was  intended  to  be  released  to  us.  I/We  will  report  prcmptly  the  discovery  of 
any  material  with  such  restrictions  to  the  Air  Force  approving  authority.  I/We  wi  1 1  fol  low  al  1 
instructions  concerning  the  use  or  return  of  such  material  in  accordance  with  regulations  applying 
to  cl assified  material ,  and  wi  1 1  make  no  further  study,  use,  or  copy  such  material  subject  to 
security  or  proprietary  rights  marking. 

7.  I/We  inderstand  that  the  software  package  received  is  intended  for  donestic  use  only.  It  wi  ]  1 
not  be  made  available  to  foreign  govemnents  nor  used  in  any  contract  with  a  foreign  goverrmait. 
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ROME  LABORATORY 

Rome  Laboratory  plans  and  executes  an  interdisciplinary  program  in  re¬ 
search,  development,  test,  and  technology  transition  in  support  of  Air 
Force  Command,  Control,  Communications  and  Intelligence  (C  l)  activities 
for  all  Air  Force  platforms.  It  also  executes  selected  acquisition  programs 
in  several  areas  of  expertise.  Technical  and  engineering  support  within 
areas  of  competence  is  provided  to  ESD  Program  Offices  (POs)  and  other 
ESD  elements  to  perform  effective  acquisition  of  C3I  systems.  In  addition, 
Rome  Laboratory's  technology  supports  other  AFSC  Product  Divisions,  the 
Air  Force  user  community,  and  other  DOD  and  non-DOD  agencies.  Rome 
Laboratory  maintains  technical  competence  and  research  programs  in  areas 
including,  but  not  limited  to,  communications,  command  and  control,  battle 
management,  intelligence  information  processing,  computational  sciences 
and  software  producibility,  wide  area  surveillance/sensors,  signal  proces¬ 
sing,  solid  state  sciences,  photonics,  electromagnetic  technology,  super¬ 
conductivity,  and  electronic  reliability/maintainability  and  testability. 


